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ABSTRACT 
Alpha-satellite sequence is composed of tandemly-repeating 171 bp monomers 
and can be found on all human chromosomes.  Two types of alphoid sequence are part of 
the human genome: homogeneous higher-order arrays, which are composed of 
multimeric repeat units and act as the functional centromeres of human chromosomes, 
and more ancient heterogeneous monomeric clusters, which lack any higher organization 
and have no known function.   Two regions of the short arm of human chromosome 21 
contain alphoid sequence: D21Z1 and α21-II.  D21Z1 is an ll-mer higher-order array and 
acts as the functional centromere for HC21.  α21-II is not a single cluster but a region 
comprised of five distinct alphoid clusters that are spread over at least 5 Mb and 
dispersed among other non-alphoid sequences.  The purpose of this project was to 
develop a better map of the α21-II region in regards to size and primary sequence of it 
five alphoid clusters and to explore the evolutionary relationships that exist within and 
between all HC21 alphoid arrays.  Using the sequence of α21-II alphoid clones, several 
HC21 BACs were identified as containing strong sequence identities to those clones. 
Those BACs were then mapped to various α21-II clusters.  Characterizing the alphoid 
sequences in those BACs, it was revealed that both monomeric and HOR alphoid clusters 
can be found in the region.  Phylogenetic analysis of HC21 alphoid monomers revealed 
separate evolutionary histories for the monomeric and HOR sequences.  The size of each 
of the α21-II clusters was also estimated using YAC and BAC-based methods.  This 
 x 
study finds that HC21 has a different organization of alphoid clusters compared to other 
characterized chromosomes.  HC21p contains a larger amount of alphoid sequence, and 
those alphoid clusters are found at greater distances from the functional centromere.   
Also, the majority of α21-II alphoid sequence appears to be the same age unlike the 
layered structure seen in other chromosomes.  These differences are likely the result of 
interchromosomal exchanges between the acrocentric chromosomes. 
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CHAPTER ONE 
INTRODUCTION 
While centromeric and other heterochromatic regions account for nearly 10-15% 
of the human genome, these regions have not been included in the Human Genome 
Project due to the repetitive nature of the sequences that comprise them (Eichler et al., 
2004; Rudd and Willard, 2004).  However, these sequences do have important functions; 
it has been shown the centromere plays a critical role in sister chromatid adhesion, 
kinetochore formation, the pairing of homologous chromosomes, as well as the 
expression of local genes and overall nuclear structure (reviews in Larin and Mejia, 2002; 
Henikoff et al., 2001; Koch, 2000).  Any disruption in proper centromere function can 
result in improper alignment of chromosomes and subsequent errors in segregation, 
resulting in aneuploidies that can cause conditions such as Down syndrome (DS). 
Because the centromere plays a crucial role in chromosome pairing and 
segregation in meiosis, detailed knowledge of the molecular components of centromeric 
function is likely to be critical in understanding the underlying causes of chromosome 
nondisjunction.  The centromere of every human chromosome contains alpha satellite 
DNA, a tandemly repetitive sequence that may be of key functional significance (Lee et 
al., 1997).   Alphoid DNA has also been shown to be able to elicit centromeric activity 
when introduced into artificial chromosomes (Grimes and Cooke, 1998) giving further 
evidence for its critical role in centromere function.  Alphoid DNA tandem repeats are 
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found in clusters, the sizes of which are highly variable within the human population.  
Studies have shown that mothers with DS-affected children are more likely to have 
shorter alphoid arrays, suggesting that certain polymorphic variants of these arrays may 
induce a higher risk for chromosome nondisjunction (Lo et al., 1999; Maratou et al., 
2000).  
The tandemly-repeated monomers of alpha satellite are each approximately 171 
base pairs in length (Manuelidis and Wu, 1978; Willard and Waye, 1987).   There are two 
major types of alpha satellite present in the human genome: higher-order and monomeric.  
Higher-order -satellite consists of monomers arranged in multimeric higher order repeat 
(HOR) units which themselves repeat to form an array of homogenous HOR repeats 
which can extend up to megabases in length.  These clusters are usually directly 
associated with centromere function or are found in close proximity to the centromere.  
Monomeric -satellite exists as heterogeneous repeats of -satellite monomers that lack 
any HOR and are often found interspersed with other sequences at some distance from 
the functional centromere (Rudd and Willard, 2004; Lee et al., 1997).  While centromeric 
function is associated with HOR -satellite clusters, it is interesting to note that these 
regions are thought to be more recently evolved than the monomeric -satellite repeats 
(Harrington et al., 1997; Scheuler et al., 2001; Spence et al., 2002; Rudd et al., 2006). 
The short arm of human chromosome 21 (HC21p) serves as an excellent model 
for the study of heterochromatic structure in the human genome.  The small size of HC21 
makes this chromosome especially well-suited for high resolution mapping of its 
heterochromatic regions, and its contributions to human disorders are also important.  
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HC21p contains two different regions of -satellite DNA: D21Z1 and 21-II.  D21Z1 is 
considered to be the major centromeric region of HC21 and has an 11-mer HOR structure 
of highly homogenous alphoid DNA, which also contains regularly repeated CENP-B 
binding boxes and EcoRI restriction sites.  The 21-II region consists entirely of 
heterogeneous monomeric -satellite DNA, possesses no regular pattern of CENP-B 
boxes, and contains numerous subfamilies of alphoid DNA (Ikeno et al., 1994).  These 
alphoid monomers have other sequences interspersed amongst them, resulting in five 
separate, distinct clusters of alphoid DNA, Mp1 through 5 (Zhao, 1999).   While 21-II 
may not function as part of the main centromere array, it has nevertheless been found to 
co-localize with sites of sister chromatid adhesion during metaphase, indicating a 
possible role of 21-II in this process (He et al., 1998).   
While a partial high-resolution yeast artificial chromosome (YAC) map of HC21p 
has been completed (Figure 6), little specific sequence information previously existed for 
this region prior to our work (So et al., 1997; Wang et al., 1999; Zhao, 1999).  While the 
D21Z1 array has been well characterized, much less is known about the five monomeric 
alphoid clusters that comprise the 21-II region, especially their size, distance from 
D21Z1, and their alphoid composition (Figure 2) in relation to one another and to D21Z1.   
In this work, I have used newly-available HC21p sequence data and the YAC map 
(Zhao, 1999; Figure 6) to determine the size, organization, and location of each of the 
five 21-II clusters.  I then compared the size and distribution of the alphoid clusters 
found in HC21 to those on other chromosomes (Shepelev et al., 2009).  Overall, the 
alphoid clusters found on HC21 are larger than those of other chromosomes.  Also, 
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HC21p alphoid clusters are more distant from the functional centromere of the 
chromosome compared to those on other chromosomes.  Lastly, while other 
chromosomes show symmetry in the location of their alphoid arrays with relatively equal 
amounts of alphoid sequence on their long and short arms, the majority of the alphoid 
sequence present on HC21 is on the short arm of the chromosome.     
I also determined that while previous work had characterized α21-II alphoid 
sequences as purely monomeric (Ikeno et al., 1994), two of the clusters on HC21p have 
an HOR organization.  While one of those (Mp3) has a highly degenerate HOR array, the 
other (Mp4) has a highly homogeneous organization comparable to that seen in D21Z1.  
Using all available sequence information, I also investigated the evolutionary histories of 
all HC21 alphoid sequences.  Overall, HC21 alphoid clusters with an HOR organization 
were found to be evolutionarily distinct from the monomeric arrays.  All of the HC21 
monomeric clusters are of recent evolutionary origin and appear to be of similar age to 
each other.  This organization of HC21p alphoid sequences differs from the layered 
structure seen on chromosomes X, 8, and 17, where the age of an alphoid array is related 
to its distance from the functional centromere, with the oldest arrays being found most 
distal (Shepelev et al., 2009).  Since related monomeric alphoid sequence families are 
found on all acrocentric chromosomes (Vissel and Choo, 1991), it is likely that the 
organization of alphoid DNA on all acrocentrics is similar to that seen on HC21p. 
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CHAPTER TWO 
LITERATURE REVIEW 
Centromeres 
 Visualized as the primary constriction on metaphase spreads, the centromeric 
region of a eukaryotic chromosome is a complex structure that is responsible for proper 
chromosome segregation during mitosis and meiosis.  The functions of the centromere 
are varied; the centromere has been shown experimentally to be involved in sister 
chromatid adhesion, kinetochore formation, pairing of homologous chromosomes, and 
regulation of gene expression (reviewed in Larin and Mejia, 2002; Henikoff et al., 2001; 
Koch, 2000).   The study of human centromeres is necessary to gain both a better 
appreciation of the sequences and mechanisms that underlie the various critical roles the 
centromere plays, as well as the implications of aberrant centromere function, including 
aneuploidies that result in birth defects and cell cycle misregulation in cancerous tissues. 
 While centromere function has been conserved throughout evolution, the 
sequences used to accomplish this function differ from species to species; humans, yeast, 
and Drosophila centromeres are composed of markedly different DNA sequences (see 
Table 1, reviewed in Bjerling and Ekwall, 2002).  In human chromosomes, centromeres 
are composed of megabase-sized arrays of heterochromatic, tandemly-repeated DNA 
satellite sequences (Lee et al., 1997).   Human centromeres contain several different types 
of satellite DNAs: alpha satellite, beta satellite, and satellites-I, -II, and -III.   Added 
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together, the tandem clusters that comprise a centromere can span up to 5 Mb.  Each of 
these types of sequences is found in distinct arrays that usually do not contain other 
satellite sequences (Lee et al., 1997). 
 The various functions of the centromere appear to reside in different, separable 
domains (Schueler et al., 2001).  While the DNA sequences that constitute human, yeast, 
and Drosophila centromeres show little conservation at the nucleotide level (Table 1), the 
basic functions of the centromere across these three species remain unchanged.  Proteins 
involved in centromere function in each of these species also show little conservation, 
with several unique to a given organism.  However, a few of the components of the 
centromere, such as the histone H3 variant CENP-A, have been found in all studied 
species and are known to be necessary for proper centromere function (reviewed by 
Bjerling and Ekwall, 2002). 
Nondisjunction and Down Syndrome 
Errors in proper chromosome segregation are often the result of improper 
centromere function.   One of these errors, nondisjunction, is a failure of chromosomes to 
segregate properly. In  meiosis, this error can occur at meiosis I or II, resulting in disomic 
gametic cells which can give rise to offspring with significant aneuploidies.  One such 
aneupoloidy, trisomy 21, is responsible for 95% of Down syndrome (DS) cases.  DS is a 
common human genetic abnormality, occurring in approximately 1 in 600 -800 live 
births, and is responsible for the largest number of genetically-caused cases of cognitive 
disability.  Individuals with DS represent only a small subset of trisomy 21 conceptions 
as over 80% of trisomy 21 pregnancies end in spontaneous pregnancy loss, accounting 
for 1-2% of miscarriages (reviewed in Hassold and Sherman, 2000). 
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 While cognitive disability is the hallmark symptom of DS, the condition is also 
associated with characteristic facial abnormalities and hypoxia (poor muscle tone) in 
infancy.  Patients with DS also have an increased risk for congenital heart defects.  Other 
symptoms of DS include digestive problems as a result of gastroesophageal reflux, 
cardiac disease, hearing loss, and a 10 to 30 fold increased risk of developing leukemia 
and Alzheimer-like dementia (reviewed in Antonarakis et al., 2004). 
 Ninety-five percent of cases of DS are the result of meiotic nondisjunction in the 
segregation of HC21 homologues during gametogenesis.  The remaining 5% are due to 
translocations involving HC21 or somatic mosaicism which accounts for fewer than 1% 
of DS cases (Hernandez and Fisher, 1996).  Approximately 90% of DS cases that result 
from nondisjunction are maternal in origin, the remaining 10% paternal.    In cases of 
maternal origin, 75% of errors occur in meiosis I (MI) while MI and MII errors are 
evenly distributed in paternal DS cases.  Maternally-derived nondisjunction has been 
positively correlated with maternal age (Hassold and Sherman, 2000).  At age 20, women 
have a 1 in 1,667 incidence of trisomy 21-affected pregnancies, while at age 40, the rate 
jumps to 1 in 106 and further increases with age (Newberger, 2000).  Several different 
explanations for these findings have been proposed: accumulation of toxic effects that the 
oocyte is subjected to while in the arrested state, degradation of meiotic machinery over 
time, improper ovarian function due to suboptimal hormone signaling, or a less than 
optimum uterine environment (reviewed in Lamb et al., 2005). 
 High and low levels of recombination in the pericentromeric long arm of HC21 
have also been seen to correlate with an increased risk of DS.  Incidences of low (less 
than 50% of normal) or no pericentromeric recombination increases the risk of MI 
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nondisjunction by nearly 4.9 fold.   However, high rates of pericentromeric 
recombination (nearly twice normal) lead to a 2.8 fold increased risk of MII 
nondisjunction (reviewed in Hassold and Sherman, 2000; Lamb et al., 1996; Sherman et 
al., 1994). 
   Based on these data, Lamb et al. (1996) proposed a two-hit model of 
nondisjunction (see Figure 1).  The first step is the formation of a homologue pairing 
conformation with an increased susceptibility to nondisjunction.   Subsequent events can 
generate nondisjunction in either MI or MII.  An MI error occurs when there are reduced 
levels of exchange in the pericentromeric region.  This leads to a loose association 
between homologues, resulting in the chromosomes behaving as if they were 
nonhomologous and segregating into the same cell.  In MII, each homologue would then 
segregate independently, producing a disomic gamete that contains one sister chromatid 
from each homologue (parental heterozygosity).  In an MII error, a tighter than normal 
association between homologues caused by recombination proximal to the centromere 
prevents proper segregation during MI anaphase.  The homologues subsequently separate 
during MII, leading to a disomic gamete with parental homozygosity for HC21, a state 
which is classified as an MII error (reviewed in Hassold and Sherman, 2000; Lamb et al., 
1996). 
 The second component of Lamb’s model is increasing maternal age.  While 
susceptible homologue configurations can still undergo proper meiotic division, advanced 
maternal age increases the likelihood that aneuploidy will occur as the result of these 
configurations.  It has been proposed that this is the result of a breakdown over time of 
key proteins responsible for proper homologue segregation.  The combination of faulty 
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meiotic machinery and susceptible homologue configurations thus gives rise to an 
increased incidence of age-related aneuploidy (Lamb et al., 1996). 
 To better understand the relationship between maternal age and patterns of 
recombination along HC21, Lamb et al. (1996) examined recombination patterns in 400 
trisomy 21 cases of maternal M1 origin.  Grouping these cases by maternal age, there was 
no statistically significant association between age and rate of exchange.  However, the 
chromosomal location of meiotic exchange differed greatly between age groups: patterns 
associated with increased susceptibility (pericentromeric and subtelomeric exchanges) 
accounted for 34% of exchanges in the youngest class of women but only 10% among the 
oldest class.   The pattern of exchanges in the oldest women was similar to the pattern of 
normally disjoining HC21 chromosomes.  These results suggest that for younger women, 
the greatest risk factor for nondisjunction is the presence of a susceptible exchange 
pattern, while for older women age itself is the greatest risk.  In addition, no association 
between maternal age and overall exchange rates was found to exist.  While maternal age 
and altered recombination rates are the only well-established risk factors for 
nondisjunction of HC21, variation in the size of alpha satellite arrays on HC21 has also 
been proposed as a possible risk factor for DS (reviewed in Lamb et al. 2005; Maratou et 
al., 2000). 
Alpha Satellite DNA and Its Role as the Functional Centromere 
 The only DNA sequence known to localize to all human chromosome 
centromeres is alpha satellite (α-satellite) (Manuelidis, 1978).  Alphoid DNA is 
comprised of 171 bp repeats organized in tandem arrays.  These alphoid arrays can be 
quite large, up to 4 Mb long in normal human centromeres (Maratou et al., 2000).  These 
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arrays usually have higher-order repeats within their organization.  In such arrays, a 
group of adjacent alphoid monomers form a single higher-order repeat (HOR) unit.  
These HOR units are themselves tandemly repeated, creating an HOR structure 
embedded within an array of alphoid monomers.  Corresponding monomers of each of 
the HOR have very high (>90%) sequence identity (see Figure 2).  To date, over 7Mb of 
alpha satellite DNA have been characterized in the human genome (Rudd and Willard, 
2004). 
 Within alphoid DNA, sequence motifs serve as the binding site for centromere-
binding protein b (CENP-B), a critical protein involved in kinetochore formation. This 
binding site, the CENP-B box, is a 17 bp sequence.  While CENP-B is one of the proteins 
that constitute the kinetochore and is needed for de novo centromere assembly 
(Masumoto et al., 1989; Ohzeki et. al., 2002), cells of CENP-B knockout mice will 
undergo normal mitotic division, indicating CENP-B may not be essential for 
centromeric function (Kapoor et al., 1998). 
 The amount of α-satellite DNA in a chromosome varies significantly both 
between human chromosomes and the same chromosome within a population (Tyler-
Smith and Willard, 1990).  As an example, alphoid arrays on HCX can range from 1.3 to 
3.7 Mb (Mahtani and Willard, 1990) suggesting that while alphoid DNA may be 
important to proper centromere function, a range of sizes can give rise to normal 
function. 
 Restriction enzyme-derived DNA fragments from human chromosomes 
containing alphoid DNA have been used to ascertain α-satellite function.  Using these 
chromosomal fragments, Tyler-Smith et al. (1993) determined that several hundred kb of 
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alphoid DNA bordered by a small adjacent sequence were sufficient for centromeric 
function.  However, alphoid clusters less than 200 kb in length result in unstable 
chromosome maintenance during mitosis.  Another study (Schueler et al., 2001) used two 
sets of fragments from HCX, one with truncated short arm sequence that bordered the 
alphoid array (DXZ1) and another set with a truncated long arm at DXZ1.  The only 
sequence shared between the two sets was DXZ1.  As both sets of fragments segregated 
properly, this suggests that the alphoid array is sufficient to elicit centromere function.  
Alphoid DNA has also been shown to confer centromere function de novo in artificial 
chromosomes.  Following introduction of α-satellite DNA into mammalian artificial 
chromosomes (MACs), primary constriction was observed and chromosomes were found 
to segregate properly (Grimes and Cooke, 1998).  Introduction of alphoid DNA from 
HC21 into yeast artificial chromosomes (YACs) also conferred centromeric activity in 
these minichromosomes.  However, while these constructs did align stably along the 
metaphase plate, segregate to opposite poles during anaphase, and bind kinetochore 
proteins, these artificial chromosomes and minichromosomes are lost during mitosis at a 
higher frequency than normal chromosomes, indicating that alphoid DNA is necessary 
for new centromere assembly (Masumoto et al., 1998; Schueler et al., 2001) but may not  
be sufficient for normal centromeric activity. 
 There are centromeres, referred to as neocentromeres, that lack alphoid arrays 
(reviewed in Larin and Lejia, 2002).  These centromeres originate from chromosomal 
abnormalities that disrupt or remove the alphoid-containing region of the centromere.  
However, chromosomes with neocentromeres do segregate normally, indicating alphoid 
DNA is not always required for centromere function.  These observations favor a model 
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of epigenetic regulation of centromere activity rather than one solely determined by the 
primary nucleotide sequence of the centromere (Willard, 2001). 
Monomeric Alpha Satellite Clusters 
 While the primary centromere function is contained within HOR alpha satellite 
clusters, there also exists another major type of alpha satellite in the human genome: 
monomeric clusters which lack any HOR-structure and have not been found to be 
involved in any direct centromere function (Rudd and Willard, 2004).  Unlike the highly 
homogenous monomers that comprise HOR clusters, where monomers in the same 
corresponding position of the higher repeat are typically 97-100% identical, the 
monomers of a completely monomeric cluster are much less similar, only 70% on 
average identical to one another at the nucleotide level (see Figure 2).  They lack 
regularly repeating CENP-B boxes and restriction sites (Wevrick et al., 1992; Mashkova 
et al., 1996; Horvath et al., 2000) and are more closely related to the ancestral primate 
alphoid sequence than are the HOR alpha satellite clusters (Alexandrov et. al., 2001).    
Monomeric alphoid clusters are found both directly adjacent to HOR clusters and 
as separate, distinct clusters surrounded by non-alphoid sequences.  These independent 
monomeric alphoid regions contain a lower frequency of transposed elements such as 
LINES-1 (L1) and Alu sequences as compared to the rest of the genome but have a 
higher frequency of such elements compared to HOR alphoid clusters and other non-
repetitive heterochromatic regions (Mashkova et al., 1996; Schueler et al., 2001; Kazakov 
et al., 2004).   Insertion of these elements may preferentially occur at sites where kinking 
of the DNA molecule is likely to occur (Mashkova et al., 2001).  Monomeric alphoid 
clusters associated with HOR regions also contain a greater number of L1 and Alu 
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insertions than HOR alphoid clusters (Schueler et al., 2001), and the non-repetitive 
regions adjacent to those monomeric clusters show a higher frequency of L1 and Alu 
insertions than usually found in the human genome (Mashkova et al., 1996; Schueler et 
al., 2001).    
Monomeric alphoid clusters associated with HOR clusters also frequently contain 
paralogous sequences in high numbers (Horvath et al., 2000).  These sequences are 
derived from a common ancestral sequence that has been duplicated and inserted 
throughout the genome.  One theory for the concentration of paralogous sequences in 
these regions is that the paralogous sequences act as a buffer between non-coding, 
heterochromatic centromeric sequences and euchromatic regions adjacent to them.   
Interchromosomal recombination between monomeric alphoid clusters also helps to 
spread these paralogous sequences to new pericentromeric locations in the genome 
(Horvath et al., 2000; Horvath et al., 2001).   
Alpha Satellite Evolution – The Out-of-Register Model 
One explanation for the evolution and characteristics of monomeric, 
heterogeneous alphoid DNA is an out-of-register recombination model under which a 
gradual loss of sequence homogeneity is expected at the edges of a repetitive array (see 
Figure 3).  This model proposes that during homologous chromosome pairing in MI, 
repetitive arrays may misalign due to the high degree of sequence similarity between 
different portions of the array, particularly in regions with an HOR structure.  
Recombination events within such a misaligned chromosome pair results in recombinants 
with different sized clusters composed of homogenous sequences.  Homogenization of 
the array can thus be accomplished by subsequent rounds of out-of-register 
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recombination.  As the outside edges of the array have a decreased likelihood of 
misaligning, the model predicts a gradual loss of homogeneity towards the ends of an 
alphoid array (Smith, 1976).  The existence of two distinct classes of alpha satellite DNA 
sequence fits this model:  more recently evolved alphoid clusters are maintained by inter- 
and intrachromosomal recombination and retain their HOR structure and the primary 
centromere function, while older clusters are not maintained by such recombination 
events and have accumulated mutations, insertions of other repetitive sequences, and 
other rearrangements, eventually drifting into a purely monomeric state with no distinct 
HOR structure (Alexandrov et al., 2001).  This may suggest that alphoid monomeric 
clusters previously functioned as the functional centromere but have since degenerated.  
More difficult to explain under this model is the existence in some human chromosomes 
of monomeric clusters of alpha satellite at some distance away from the functional 
centromere (Rudd and Willard, 2004), indicating the out-of-register model does not fully 
capture the complicated history and evolutionary relationships within and between these 
clusters.   
Previous Studies of Monomeric Clusters – Size, Heterogeneity, and Age  
While their repetitive nature makes sequencing and mapping both HOR and 
monomeric alphoid clusters difficult, some work has been done to better understand the 
nature and organization of these sequences.  Particularly, clusters of monomeric alphoid 
DNA present on human chromosomes 8, X, and 17 have been studied extensively.   
On HCXp, two clusters of monomeric alphoid DNA, approximately 165 and 175 
kb in size, extend over 450 kb away from DXZ1, a 3 Mb cluster of HOR alphoid DNA 
that serves as the functional centromere for HCX (Scheuler et al., 2001).  The larger 
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monomeric cluster is directly adjacent to DXZ1 and is separated from the second 
monomeric cluster by ~50 kb of gamma satellite DNA.  Phylogenetic analysis indicates a 
separate evolutionary history for each of the monomeric clusters and DXZ1, with the 
monomeric clusters having a more ancient origin than DXZ1.  A phylogenetic study 
using 500 monomers from the DZX1 region of HCX and a monomeric alphoid region on 
the same chromosome also found that the alphoid monomers that comprise DZX1 form a 
separate, more recently-evolved clade than the monomeric alphoid monomers.  Dating 
the alphoid clusters found on HCX based on the ages of the L1 insertions in each cluster 
gave similar results: DZX1 was found to contain L1 subfamilies that were active much 
more recently compared to those found in the monomeric clusters (Schueler et al., 2001).   
HC17 has four clusters of monomeric alphoid DNA (Rudd et al. 2006).  Three of 
these (M1, M2, and M3) are found on HC17p and are 36, 32, and 26 kb in size, and 
extend 500, 150, and 100 kb from D17Z1, respectively.  M4 is found on HC17q and is 
located 50 kb from D17Z1.  Again, phylogenetic analysis revealed a separate 
evolutionary history for each of the monomeric clusters and D17Z1, the monomeric 
clusters having a more ancient origin than the active centromere.  Interestingly, M3, a 
cluster whose monomers showed a relatively high degree of sequence homogeneity for a 
monomeric cluster, is also more similar to the higher order D17Z1 cluster than monomers 
in other monomeric blocks.  Thus, the M3 locus may have originally existed as an HOR 
cluster in which the centromere function was contained but was supplanted in this 
function by a more recently evolved HOR cluster and subsequently degenerated into a 
monomeric cluster over time (Rudd et al., 2006).  A separate evolution history for 
monomeric and HOR sequences located on the same chromosome was also found for 
  16 
HC16: monomeric α-satellite DNA from HC16 was found to be more closely related to 
monomeric sequences from other chromosomes than to the main HOR alphoid array, 
D16Z1(Horvath et al., 2000).   
L1 Insertions into Alphoid Clusters 
Recent work making use of L1 insertions within the HC17, X, and 8 alphoid 
clusters to estimate their relative ages revealed that some clusters are of more ancient 
origin while others are more recently evolved along with great ape and hominid lineages 
(Schueler et al., 2001; Kazako et al., 2003; Shepelev et. al, 2009).  In these studies, it was 
assumed that the oldest of the L1 insertions found in a particular alphoid cluster 
corresponds to the time in evolutionary history when that cluster was no longer 
maintained by homogenization.  While more recently-evolved L1 variants, particularly 
L1PA3 and L1PA4, were found in some of these alphoid clusters, others contained much 
older L1 families, including L1PA5 and L1PA7 variants.  Clusters furthest from the 
functional centromere were found to contain the oldest L1 variants, and this observation 
is supported by the finding that the monomers within these more distant clusters show a 
greater degree of heterogeneity than those found closer to the functional centromere.  All 
these data support the hypothesis that monomeric alphoid clusters represent older regions 
that once possessed a higher order repeat and served as the functional centromere but 
have since degenerated into monomeric clusters after the centromere function was 
usurped by a newly-generated HOR cluster.  Subsequent rounds of replacement and drift 
would explain multiple clusters of monomeric alphoid clusters on the same chromosome.  
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HC21p Alphoid DNA: D21Z1 and α21-II 
It has been known for some time that older alphoid DNA sequences exist on the p 
arm of HC21 at some distance from the centromere (Doering et al., 1988) and that there 
are two distinct alphoid arrays on HC21: D21Z1 and α21-II (Ikeno et al., 1994).  D21Z1 
is directly adjacent to the long arm of HC21 and is considered the major centromeric 
region of the chromosome.  Figures 4 and 5 show the current map of the HC21 
centromere region.  D21Z1 is approximately 1 Mb in size and has a HOR structure with 
an HOR unit of 11 α-satellite monomers.  These HOR units contain regularly repeating 
CENP-B boxes as well as restriction enzyme recognition sites.  The ends of D21Z1 have 
different restriction patterns, indicating different sequence organization at the two ends of 
the cluster (So et al., 1997) which is inconsistent with the out of register model of alpha 
satellite cluster evolution. 
There is a much higher degree of variation in the sizes of HC21 D21Z1 alphoid 
clusters within populations as compared to similar clusters on other human chromosomes.  
In one study, 3.7% of HC21s had D21Z1 arrays less than 1 Mb in size, compared to an 
incidence of short alphoid arrys of 0.11% and 0.12% for HCs 17 and 13 respectively and 
0% for all other chromosomes.  This study also found that short alphoid arrays on HC21 
were more common in DS patients (6.85%) than in normal individuals (3.70%) (Lo et al., 
1999).  Another study seeking to further understand the relationship between alphoid 
array size and DS found that the average size of the D21Z1 cluster in mothers of DS-
affected children was 2.7 kb, compared to that of 4.1 kb in female controls (Maratou et 
al., 2000).  Predisposition towards nondisjunction and DS appeared to occur when one 
homologue possessed a short alphoid array while that of the other homologue was 
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normal-sized.  This disparity could result in improper chromosome pairing, resulting in 
errors in reductional meiotic division.   
The α21-II region is found entirely on the p arm of HC21, consists mostly of 
heterogeneous monomeric -satellite DNA interrupted by other sequences including 
LINES, SINES, LCNRs, and larger duplicons such as chAB4 (Lee et al., 1997; Doering 
et al. 2007), possesses no regular pattern of CENP-B boxes, and is composed of 
numerous subfamilies of alphoid DNA (Ikeno et al., 1994).  While 21-II is not thought 
to function as the main centromere array, it has nevertheless been found to co-localize 
with sites of sister chromatid adhesion during metaphase, indicating a possible role of 
21-II in this process (Ikeno et al., 1994; He et al., 1998).  Rather than consisting of one 
large tandem array, α21-II consists of five distinct regions of tandemly-repeated α-
satellite DNA (MP1-5) separated by other heterochromatic sequences and spread over a 
distance of at least 4 Mb.  No other alphoid cluster has ever been mapped to a distance 
this far from the functional centromere on any human chromosome (Rudd and Willard, 
2004).  A detailed map of the sizes and locations of the α21-II clusters does not currently 
exist (Zhao, 1999) (see Figure 6).  While artificial chromosomes constructed with D21Z1 
alphoid sequence retained centromere function, constructs made with α21-II did not, 
indicating that primary centromere function resides in the D21Z1 cluster (Masumoto 
1998). 
Recent work on HC21 comparing D21Z1 and a monomeric alphoid cluster on the 
long arm of HC21 immediately adjacent to D21Z1 (Mq1, Figure 4) again showed two 
separate evolutionary histories with D21Z1 much more recently evolved than the 
monomeric cluster (Bozovsky, 2004).  Based on all of these data, monomeric alphoid 
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clusters are likely to have a separate evolutionary history from that of D21Z1.  However, 
prior to the current work, there has been no detailed information about the size of 
monomeric alphoid clusters that comprise α21-II or data regarding the evolutionary 
relationships within and between these clusters and D21Z1. 
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Figure 1 Lamb’s Two-Hit Model for Non-Disjunction –The left hand side of the figure 
represents an MI error resulting from reduced pericentromeric recombination between 
homologues.  The right side of the figure portrays an overly tight association between 
homologues resulting in an error in MII.   See text on pages 3-4 for a more detailed 
description. 
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Figure 2 HOR and Monomeric Alphoid Cluster Organization - An illustration of the 
monomeric and higher-order-repeat structures of alpha satellite clusters.  Each box 
represents a single monomer in the cluster.  The HOR array is shown with a three-mer 
repeat structure with the three monomers “A-B-C” tandemly repeating. 
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Figure 3 Out of Register Model of Alphoid Cluster Evolution 
 (a) Two pairs of sister chromatids line up during meiosis.  A repetitive region of one 
chromatid (the third one) does not line up exactly with its corresponding region in other 
chromatids.    
(b) Strand breaks on nonsister chromatids (along line A) will result in unequal crossover, 
producing different number of repeat units in these chromatids.    
(c) Strand breaks on sister chromatids (along line B) also produce different repeats.  In 
this case, it is called sister chromatid exchange. 
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CHAPTER THREE 
MATERIALS AND METHODS 
Plasmid Purification 
The Qiagen Plasmid Midi Kit system was used to purify previously-constructed 
plasmids containing 21-II sequences, following the manufacturer’s instructions. 
 Sequencing of α21-II Clones 
For sequencing, α21-II clone constructs were concentrated to 0.2-0.6μg/μL. A 
total of 10μL of the sample was then sent to the sequencing facility at the University of 
Chicago.  Chromatograms from successful sequencing runs were subsequently available 
for download from the facility website.  New primers for primer walking were designed 
using the Primer Select function in the LaserGene suite of programs.  Primers were 
synthesized by Fisher (Operon) and dissolved at a concentration of 50 µM.  For 
sequencing, a 2 µM dilution of the primer was made, and 12µL of the resulting dilution 
was sent to the core sequencing facility.  Sequences generated from each clone were 
assembled into contigs using the SeqMan function of Lasergene.  Once complete double-
coverage sequence was obtained for a given clone, the sequence was submitted for 
inclusion in the NCBI database. 
Identifying BACs Containing α21-II Sequences 
Bacterial artificial chromosomes (BACs) containing α21-II sequences were 
identified by scanning the NCBI Nucleotide collection of human sequences (taxon 9606) 
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via Megablast searches using previously and newly-sequenced α21-II clone sequences.  
HC21 BACs found to return high matches (>90%) from these searches were then mapped 
to the appropriate α21-II cluster.  The particular α21-II cluster containing each clone had 
previously been determined (Zhao, 1999). 
Analysis of BAC Sequences for Repetitive Sequences  
HC21 BACs were scanned for alpha satellite and other repetitive sequences using 
the Repeat Masker web resource (found at http://www.repeatmasker.org/).   Repeat 
Masker was also used to determine the precise location of α-satellite sequences within 
clones from other human chromosomes (Shepelev et al., 2009).  Dot Plot analyses were 
then performed to determine the presence or absence of any HOR structure within the 
BACs.  These dot plots were created using the Colorado State online Nucleic Acid Dot 
Plots program (available at http://www.vivo.colostate.edu/molkit/dnadot) using a window 
size of 171 bp and mismatch limits ranging from 2 to 15%.   
Probe Sequence Purification  
Restriction digests to isolate cloned 21-II sequences from their vector sequence 
were carried out in a 100 µL reaction with 25μg of plasmid DNA, 200 units of the 
appropriate restriction enzyme, either EcoRI or HindIII, and 1x concentration of the 
manufacturer recommended buffer for the enzyme.  After digestion, the resulting DNA 
fragments were run in three lanes through a standard 1% ME agarose gel using 1X E 
buffer (40mM Tris, 20mM NaAc, 2mM EDTA).  A lambda/HindIII digest ladder was run 
alongside digested DNA lanes in order to calibrate fragment band sizes. The gel was run 
at 80 volts for 2 hours, followed by 15 minutes of staining with ethidium bromide at a 
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final concentration of 0.34µg/ml in 350mL of 1X E buffer.  The gel was then placed on a 
UV source and photographed for future records using Polaroid film.  Bands containing 
clone DNA were then excised and placed into a polypropylene tube.  Clone DNA was 
purified from the gel fragments using the Gene Clean II kit from Qbiogene following 
manufacturer conditions with the exception that DNA was allowed to bind to the 
glassmilk solution for 20 minutes as opposed to the manufacturer suggested 5.  After 
purification, a sample of the purified DNA was run on another gel, and the intensities of 
the bands of the lambda/HindIII digest ladder run concurrently with the purified probe 
DNA were used to estimate the concentration of the purified probe. 
Restriction Digestion and Pulsed Field Gel Electrophoresis of YACs 
Agarose plugs containing 2E4, 3G8, and 2C9 YAC DNA were used since those 
YACs were known to contain various α21-II alphoid clusters (Zhao, 1999).  Prior to 
restriction digestion of plug DNA, the plugs were washed four times with washes of T10 
E1 buffer (10 mM Tris, 1 mM EDTA, pH=7.4) at 55
o
C for 30 minutes each to remove the 
EDTA from the plugs.  Next, plugs were incubated for 15 hours at the appropriate 
temperature for the restriction enzyme being used.  The total reaction volume of 130 µL 
consisted of 1x restriction buffer, 70mM β-mercaptoethanol, 1mM pCMB and 40 units of 
restriction enzyme.  The reaction was stopped using two 15 minute washes of 1ml of T10 
E1 with 0.5% N-lauroyl sarkosyl and 1mM pCMB at room temperature.  The plugs were 
then washed three times at room temperature for 20 minutes each with 1ml of T10 E1 
(pH=8.4) and 1mM pCMB. 
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The CHEF mapper (Bio-Rad) is a pulsed field gel electrophoresis (PFGE) system 
that can resolve DNA from 3kb to 6Mb.  Gel concentration and running buffers are 
dependent on the size of the DNA fragments being resolved.  In my work, a program that 
resolves fragments ranging in size from 4-160kb was used.  The gel consisted of 1% 
pulsed field certified agarose with 0.5x TBE (89mM Tris, 89mM boric acid, 2mM 
EDTA) as the running buffer.  The run time for this program was 9 hours 37 minutes at 
6.0V/cm with an angle of 120
o
.  After electrophoresis, the gel was stained using 1 µg/ml 
ethidium bromide in 0.5x TBE, and a picture of the gel was taken for construction of a 
calibration curve to be later used to estimate the size of digested YAC fragments found to 
hybridize to radiolabeled α21-II probes. 
Southern Blotting and Hybridization of Radiolabeled α21-II Probes to YAC Digest 
Fragments 
DNA in PFGE gels was transferred to nylon membranes using the alkaline 
Southern blotting method (Reed and Mann, 1985).   The blots were hybridized with α21-
II probes which had been radioactively labeled with dTTP[
32
P] using the Invitrogen 
Random Primers DNA Labeling System.  Each blot was prehybridized with a solution of 
50% formamide, 1.0M NaCl, 50mM Tris pH 7.5, 1% SDS and 10µg/mL of heat 
denatured salmon sperm DNA.  This prehybridization was performed at 37
o
C for a total 
of 5 hours.  The 
32
P-labeled α21-II probe was heat denatured for 10 minutes at 90 oC and 
then added to the prehybridization solution.  The blot was incubated with agitation in this 
solution for at least 15 hours.  Post-hybridization washes were then done at two different 
degrees of stringency: low stringency to detect all alphoid-containing fragments on the 
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blot or high stringency when a strong signal from a specific α21-II cluster was likely to 
be observed based on previously hybridization data.   All washes were performed using 
SSC solution (150mM NaCl, 15mM dihydrous sodium citrate, and 0.01 mM EDTA).  
Low stringency washes were performed as follows: two washes for 15 minutes at room 
temperature with a 2x SSC solution followed by two washes at 60
o
C for 30 minutes each 
with a solution of 2x SSC and 1% SDS and two washes at room temperature with 0.5x 
SSC for 30 minutes each.  High stringency washes differed from low stringency in that 
the first set of room temperate washes and the 60
o
C washes were done using 1x SSC 
rather than 2x.  All other wash conditions were identical. 
After the last wash, blots were wrapped in plastic wrap and secured to rigid 
backing.  X-ray film was placed against the membrane with or without intensifying 
screens.  After a sufficient time had passed to clearly visualize bands, usually 7-10 days, 
the film was developed and analyzed.  Visible bands were sized using the previously-
generated calibration curve for the gel.   
Identification of Alphoid Monomers in HC21 Clones 
Developed in collaboration with Dr. Catherine Putonti, the Monomer 
Identification and Isolation Program (MiIP) was designed to quickly and effectively 
identify repetitive monomers from a larger sequence and produce output files for those 
monomers for easy use in downstream applications such as alignment and phylogenetic 
analysis (Bun et al., 2011).  Two different types of analyses are possible using MiIP: 
search mode and discovery mode.   In search mode, a consensus monomer is provided, 
and the sequence is scanned using that monomer.  In discovery mode, no consensus 
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monomer is provided, and the sequence is instead searched using a range of possible 
monomer sizes set by the user and a sliding window scan of those sizes is applied to the 
sequence to find the best set of monomers under the criteria set by the user.  Two options 
exist in discovery mode: rigorous, when every possible window for each size is 
considered, and heuristic, when the sequence is first scanned for repetitive units smaller 
than the provided monomer size and those findings are used to guide subsequent sliding 
window analyses.  In both search and discovery modes, results can be determined as best 
either by greatest coverage of the search sequence or by highest sequence identity shared 
between detected monomers.  Users are also able to set the minimum amount of sequence 
identity match monomers must show to the consensus monomer (which is internally-
derived in discovery mode).  Users are also able to input a tag for the monomers found as 
well as set the amount of overlap permitted between monomers.   
 As output, MiIP produces two files: an MS Excel spreadsheet file which lists 
sequences identified, indicating their position within the search sequence as well as their 
identity to the consensus sequence, and a FASTA file containing all of the monomer 
sequences. The FASTA file allows the monomers to then be easily used in downstream 
applications including sequence alignment and phylogenetic analysis. 
 The alphoid sequence in each clone was subjected to MiIP analysis to create a set 
of full-sized alphoid monomers that included no non-alphoid sequence with few gaps 
between monomers.  To achieve these results, all α21-II sequences were scanned in 
discovery mode using the heuristic method as no difference was found between rigorous 
and heuristic searches.  All α21-II clone sequences and some HC21 BACs were scanned 
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in their entirety, while only specific regions of other clones were scanned, as those 
regions were known to contain alphoid monomers based on the results from Repeat 
Masker.  Results were scored based on total coverage of the search sequence, minimum 
sequence identity match to the consensus monomer was set at 65%, and the amount of 
overlap permitted between individual monomers was two nucleotides.   
One issue encountered was the arbitrary start and stop positions of α-satellite 
monomers in the clones studied.  For the construction of a phylogenetic tree of alphoid 
monomers, both from HC21 and other human chromosomes, the sequence from an 
African green monkey alphoid monomer (AGM) was used as the outgroup.  This 
sequence was used as the outgroup in previous studies (Rudd et. al, 2006; Shepelev et. 
al., 2009) and would do so in my work.  To more easily align the monomers found by 
MiIP with AGM, the Monomer Shift Program (MSP) was created, again in collaboration 
with Dr. Putonti.  Using the original search sequence and the Excel output from MiIP, 
MSP is able to shift all of the newly-discovered monomers either by a user-determined 
distance or to be in-frame with a provided reference sequence.   
Processing of Alphoid Monomers 
Each set of alphoid monomers created from an HC21 clone using MiIP was then 
aligned using ClustalW, and a consensus sequence was derived for each set using a 
minimum threshold of 60%.  Insertions and gaps were included in the consensus 
sequence only if the insertion/gap was present in 60% or more of the individual 
sequences.  Each consensus sequence was then aligned to AGM to determine if the 
repeats within the clone were in the same frame and orientation as AGM and the other 
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instances of the repeat identified in the sequence.  All monomers were adjusted into the 
proper frame and orientation relative to the AGM sequence as necessary.  A multiple 
sequence alignment using ClustalW was repeated to verify all adjustments had been 
performed properly.  All monomers were also manually inspected using a sequence 
identity matrix from a ClustalW alignment of all of the individually aligned monomers in 
a set.  Those monomers found to highly heterogeneous (markedly unlike other monomers 
in the clone) were removed and a revised consensus sequence was derived that most 
closely resembled the majority of the alphoid monomers present in the given clone. 
Construction of Phylogenetic Trees 
Once a set of monomers in-frame with AGM had been created for all clones, 
those clones were then aligned using ClustalW2 in SeaView and a phylogenetic tree was 
derived using the NJ distance method with 100 Bootstrap replicates (Gouy et al., 
2010).  For each tree, AGM was selected as the root. The alignment was then used to 
derive a consensus sequence (>=60%) for each group of sequences using SeaView (Gouy 
et al., 2010). The consensus was then manually inspected. The set of all consensus 
sequences and the AGM reference sequence were then aligned, once again using 
SeaView (NJ distance method with 100 bootstrap replicates) (Gouy et al., 2010).  In 
addition to the NJ tree, a phyML tree was also created using the same clones and 
SeaView with Maximum Likelihood rather than NJ distance.  Phylogenetic trees were 
visualized using PhyloWidget (Jordan and Piel, 2008) and NJplot (Perrière and Gouy, 
1996). 
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CHAPTER FOUR 
RESULTS 
Sequencing of Alphoid Clones  
 To have full sequence information for all α21-II clones currently available, seven 
clones were sequenced in this work: CEN 2-4 (Figure 7), CEN 2-6 (Figure 8), CEN 3-1 
(Figure 9), CEN 3-2 (Figure 10), CEN 3-4 (Figure 11), CEN 3-5 (Figure 12), and 
pHE340-9 (Figure 13).  All of the CEN clones were originally produced by M. 
Burmeister of the University of Michigan via subcloning from existing HC21-specific 
phage clones.  CEN 2-4 and CEN 2-6 were subcloned from the CEN 2 clone, CEN 3-1, 
3-2, 3-4, and 3-5 were derived from CEN 3, and pHE340-9 is a member of the EcoRI 340 
bp alphoid subfamily and was cloned from total genomic DNA (personal communication; 
Carnahan et al., 1993; Zhao, 1999).  The sizes of all of these clones are listed in Table 2, 
along with the accession number for each clone deposited in the NCBI nucleotide 
database.  
 As CEN 3-1, 3-2, 3-4, and 3-5 were all derived via EcoRI digestion of the same 
HC21-specific phage clone, CEN3, pair-wise BLAST comparisons were performed on 
the sequences of all these clones (Table 3).  All of the CEN3 clones have an extremely 
high degree of similarity to one another, 98% by nucleotide identity, and two clones, 
CEN 3-2 and CEN 3-5, were found to have identical sequence over their entire lengths.  
Therefore, of these two clones, only CEN 3-2 was used in subsequent work and had its 
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sequence deposited into the NCBI nucleotide database.  The high sequence similarities of 
the CEN3 clones suggest an HOR structure exists within the CEN3 cluster. 
Identifying HC21 BACs Containing α21-II Sequence 
  To locate additional HC21-specific BACs that contain α21-II sequence, the NCBI 
nucleotide database was searched with all available α21-II clones using megablast for 
BACs that had greater than 85% sequence identity to any given α21-II clone.  From these 
searches, three new HC21 BACs which contain alphoid sequence were discovered: 
CT476838, FP236243, and CU638690.  These BACs, as well as two other BACs that 
were previously known to contain sequence from the α21-II region, AF105153 and 
AF254982, were then subjected to pair-wise BLAST comparisons with the entire 
collection of alphoid clones (Table 4).  The best results of those searches, based on E-
values of all search results, were as follows: sequence in AF254982 was found to have 
strong similarity to pN32, CT476838 and FP236243 contain sequences nearly identical to 
pTRA-2, pTRA-4, and pN23, while sequences in CU638690 showed great similarity to 
pN21 and pN31.   
 The results in Table 4 show that CT476838 and FP236243 have nearly identical 
results for the BLAST searches with pTRA-2, pTRA-4, and pN23.  The match to pTRA-
4 within FP236243 is shorter than that of CT476838 only due to the fact that the 
alignment in FP236243 occurs at the very end of the clone.  Preliminary megablast 
comparisons between the two BACs revealed they contained a significant overlap of 
identical sequence, and assembling the sequences into a single contig using the Seqman 
application resulted in a sequence 189097 nucleotides long with an overlap of 74461 
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nucleotides between CT476838 and FP236243 (Figure 14) with sequence identity greater 
than 99% .   
Characterization of HC21 BACs 
 The HC21p BACs containing alphoid sequences were examined in detail to 
characterize the sequences they contain and to place them into the appropriate α21-II 
cluster.  Previously, the locations of the α21-II clones were mapped based on 
hybridizations of those clones to the HC21p YACs (Zhao, 1999; Figure 6).  Using that 
information as well as the results of the pair-wise sequence comparisons of the BACs to 
the alphoid clone collection (Table 4), the HC21 BACs were mapped to the appropriate 
α21-II clusters (Figure 15).  The CT476838/FP236243 contig was placed into the Mp3 
cluster with confidence based on the strong identity matches to both pTRA-2 and pN23, 
which are located in the Mp3 region (Figure 6), and the sequence was renamed as the 
Mp3 contig to reflect its location.  CU638690 was mapped to the Mp5 cluster because of 
its strong match with pN31, although this placement was not made with absolute 
confidence as no other clones known to map to the Mp5 region showed a strong match to 
the BAC.  AF105153 and AF254982 were previously mapped to the Mp1 region, with 
AF105153 distal to AF254982, based on the presence within these BACs of HC21p 
markers known to map to that region of the chromosome (Miller et al., 2004).  Although 
both clones are part of the Mp1 cluster, there is no overlap in sequence between them.  
Also, the alphoid monomers found in both BACs are in the same orientation, so the 
structure of the two clones does not allow them to be part of a single uninterrupted contig 
(Figure 21).   The size estimate for the gap between the two clones will be described in 
the Discussion. 
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 All of these BACs as well as AP001464, an HC21 BAC that includes alphoid 
sequence from the Mq1 region (Bozovsky, 2004), had their sequences analyzed by the 
RepeatMasker program to identify all repetitive elements included in them.  A simplified 
version of the results from these analyses can be found in Tables 5 – 9.  All major 
repetitive clusters found within each BAC are reported, including the type of sequence 
that comprises the cluster, the start and stop position of the cluster within the BAC clone, 
and the overall length of the sequence.  Only L1 inserts embedded in or directly adjacent 
to alphoid clusters are listed in these tables to better highlight L1 sequences that are 
directly associated with alphoid sequences.  Two major types of repetitive elements in 
addition to alphoid sequences were found within these BAC clones: L1 insertions and 
satellite III (SatIII), a 5 bp tandemly repetitive sequence commonly found on the short 
arms of the acrocentric chromosomes (Bandyopadhyay et. al., 2000).  In these analyses, 
one major SatIII cluster was found in each of the following BACs: AF254982 (Table 6), 
CU638690 (Table 8), and Mp3 (Table 9).  The SatIII cluster in AF254982 was found to 
contain 5933 instances of the GGAAT variant (34% of the cluster) and 1297 instances of 
the GGAGT variant (7% of the cluster), placing this cluster in the Group 1 family of 
SatIII clusters (Bandyopadhyay et. al., 2000).  However, the SatIII cluster present in 
CU638690 is Group 2 SatIII sequence as it contains 32% GGAAT and 24% GGAGT 
with 312 and 231 instances of each variant found in the cluster.  Classifying the SatIII 
cluster present in Mp3 was impossible due to the extremely low number of the GGAAT 
and GGAGT (21 and 42, respectfully) variants present in the cluster. 
To assess whether any higher order repeat existed within the alphoid sequences in 
the BAC clones, all of the alphoid sequence in the BACs were subjected to dot plot 
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analysis using a window of 171 nucleotides, the length of an α-satellite monomer, and a 
mismatch limit of 8 nucleotides (approximately 5%).   Dot plots for AF105153 (Figure 
16), AF254982 (Figure 17), and CU638690 (Figure 19) revealed no higher order repeat 
within the alphoid components of those BACs.  Similar results were obtained from the 
dot plot analysis of AP001464, a BAC which contains alphoid sequence from the Mq1 
region of HC21q (Figures 4, 6, and 18).   Some small direct repeats were found within the 
alphoid sequences of these BACs.  One example is a small series of 350 bp direct repeats 
found approximately 32kb into the CU638690 sequence (Figure 19).  These direct repeats 
where confirmed as such by blasting clones against their own sequence.  Numerous L1 
insertions known to be part of the BACs based on the RepeatMasker results (see Tables 
5-9) were confirmed by their appearance as matches in the dot plot analyses. One 
example is the L1 insertion in the monomeric alphoid sequence at the terminus of the 
Mp3 contig (Figure 20), which is a match to the other L1 sequence found earlier in the 
sequence (Table 12). 
Using a dot plot analysis identical to those above, a higher order repeat was 
detected within the Mp3 contig (Figure 20).  Following 10kb of monomeric alphoid 
sequence, this HOR cluster was found start at a position approximately 52 kb into the 
contig sequence.  The HOR organization starts abruptly with no lengthy period of 
transition between the HOR region and the monomeric cluster that precedes it.  The HOR 
cluster was found to extend 76.7 kb, then end suddenly, with the alphoid HOR sequence 
degenerating over a span of less than 3 kb into a monomeric alphoid organization that 
extends for another 75kb to the end of the contig.   Similar to the start of the HOR cluster, 
there is no gradual transition to a monomeric organization; the HOR organization 
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abruptly ends. The jagged appearance of the diagonal lines in the dot plot also indicated 
the HOR structure of the cluster is degenerate with an imperfect match between HOR 
monomers and some variation in HOR monomer size.  The smaller diagonal lines found 
towards the end of the sequence after the HOR cluster are not part of the HOR structure.  
They are instead the result of smaller direct repeats within the sequence unrelated to the 
HOR organization or L1 insertions at those positions (Table 12).  The positions of these 
L1 insertions are also noted by an asterisk in Figure 20.  
 To better characterize the HOR structure of this contig, pTRA-2 and pTRA-4 
were first used as guides, since both clones have multiple strong matches to the Mp3 
cluster (Table 4), and had previously been suggested as being part of a higher-order 
repeat structure of approximately 3.9 kb (Vissel and Choo, 1991).  The distance between 
the diagonal lines in the Mp3 dot plot (Figure 20) is approximately 3.9 kb, the size of the 
monomers of the HOR cluster.  pTRA-2 and pTRA-4 were blasted against the contig, and 
the region that returned the strongest result from both searches (the same region as listed 
in Table 4) was then blasted against adjacent regions of the contig.  These comparisons 
uncover an HOR monomer for this cluster starting at position 63543 in the Mp3 contig 
and extending 4083 nucleotides in length.  Using this HOR monomer as a reference 
sequence, blast searches walking along the rest of the contig sequence in 5 kb increments 
revealed the locations of all of the additional HOR monomers of the cluster.  The position 
and sequence characteristics for each of these HOR units are shown in Table 10.   As was 
seen in the dot plot for the contig, analysis on the nucleotide level reveals a large degree 
of heterogeneity between HOR monomers with sizes ranging from 1611 to 4087 
nucleotides and a relatively low identity match between HOR monomers (approximately 
41 
92-95% for most units).  These analyses also confirmed a structure that consists of a rapid 
transition over a span of less than 3kb from monomeric organization into an HOR cluster 
then a quick return to purely monomeric alphoid sequence over the same 3-4 kb distance.   
Summary of Alphoid BAC Characterizations 
 All of the above data characterizing the components and organization of the 
HC21p BACs are summarized in Figure 21, a depiction of each BAC drawn to scale with 
major repetitive clusters and L1 insertions noted.  The Mp3 contig consists first of a 42.2 
kb highly degenerate SatIII cluster followed by 10 kb of monomeric alphoid sequence, 
76.7 kb of alphoid with an HOR organization, then an additional 75kb of monomeric 
alphoid sequence to the end of the clone.  AF105153 has 18.5 kb of alphoid DNA at its 
start and no other major repetitive clusters.  AF254982 consists of approximately 75.8 kb 
of alphoid sequence followed by a 85.5 kb cluster of Group I SatIII.  Both AF105153 and 
AF254982 map to the Mp1 region, but there is no overlap in their sequences and their 
alphoid monomers are in the same orientation, indicating that the alphoid components of 
the two clones are not directly contiguous with each other.  CU638690 consists of a 57.7 
kb monomeric alphoid cluster followed by 4.4 kb of Group 2 SatIII and an additional 
64.3 kb of monomeric alphoid sequence.   
L1 Insertions in HC21 BACs 
Since previous work had used L1 insertions to estimate the age of alphoid clusters 
(see Literature Review), all L1 insertions in the previously described HC21 BACs were 
characterized using the RepeatMasker program.  The results of these characterizations 
can be found in Tables 11 – 15 and are summarized in Table 16.  Overall, many more L1 
insertions (72.4% of all L1s found) are found free from any association with alphoid 
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clusters compared to those L1s embedded within (21%) or adjacent to (6.6%) alphoid 
sequence.  Full length L1 inserts were also rare; only 5 full length L1 insertions (6.6% of 
all L1s found) were found in all the BACs studied.  Four of the full length L1 inserts are 
embedded in or adjacent to alphoid sequences.  With a total of 369.2 kb of alphoid 
sequence being examined, this gives a total of 10.8 full length L1 inserts per Mb of α21-
II alphoid sequence. This is a noticeably higher concentration than the 4.6 full length L1 
inserts per Mb previously estimated for HC21p as a whole (Ennesser and Doering, 
unpublished). 
The evolutionary ages of the L1 insertions in the HC21 BACs were also analyzed.  L1 
insertions were sorted into two groups, ancient and modern.  Those L1 insertions with an 
origin older than L1PA3 (Smit et al., 1995) were defined as ancient.  Modern L1s were 
defined as primate-specific L1 insertions with very recent evolutionary origins, including 
L1PA3, L1PA2, L1PA1, and LPHS.  The results of these analyses are shown in Table 16.  
L1 insertions not directly associated with any alphoid sequence (grouped as Free in 
Tables 11 – 16) are overwhelmingly ancient in origin (90.1% of L1 insertions in those 
regions) and include subfamilies that can be found in all mammalian species.    In 
contrast, modern L1 insertions are much more prevalent adjacent to (80%) and embedded 
within (93.8%) alphoid clusters.  Those modern L1 insertions adjacent to or embedded 
within alphoid sequence were primarily L1PA3, L1PA1, and LPHS.  These are L1 
families found only in primates (L1PA1 and L1PA3) or humans (LPHS). 
YAC Hybridization Results 
 The sizes of the α21-II alphoid clusters were estimated by means of 
hybridizations to YACs known to span those clusters.  The DNA from those YACs was 
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first digested with SmaI, SwaI, SalI, or NruI, as those enzymes are unlikely to cut alphoid 
sequence but would cut other sequences flanking alphoid clusters.  Fragments from those 
digestions were then electrophoresed using PFGE and Southern blotted to a nylon 
membrane.  Those membranes were then probed at either high or low stringency with the 
radio-labeled alphoid probe known to hybridize to the specific α21-II region being sized 
by the digest (Zhao, 1999; Figure 6).   
 To estimate the size of Mp1, YAC 2C9 DNA digests were probed with CEN 2-6 
at high stringency as that YAC had previously been mapped to Mp1 and CEN2-6 was 
known to give a strong signal when hybridized to that YAC (Zhao, 1999).  Bands 140kb 
in size appeared in the lanes containing the SmaI and SalI-digested DNA, while a 40kb 
band appeared in the SwaI-digested lane (Figure 22).  As this hybridization was 
performed at high stringency and 2C9 spans only the Mp1 and D21Z1 alphoid clusters, it 
can be assumed those bands represent only Mp1 sequence.  To confirm this, the 2C9 blot 
was also probed with CEN 2-6 and p11-4 at low stringency (Figures 23 and 24).  As 
expected, the bands from the original high stringency hybridization appear in both 
hybridizations given the sequence similarity between all alphoid clusters.  The 
appearance of other numerous bands across all of the lanes in the two hybridizations also 
confirms that additional alphoid sequence is present in YAC 2C9 but was not detected in 
the initial high-stringency hybridization with CEN 2-6, indicating those bands truly 
represent Mp1 sequence. 
 Digested 4E9 YAC DNA was probed with CEN 2-6 and pTRA-7 in separate low 
stringency hybridizations to estimate the sizes of the Mp2 and Mp3 clusters (Figures 25 
and 26).  Again, 4E9 had been previously shown to contain both those regions of α21-II 
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and give a strong signal when hybridized to both clones (Zhao, 1999).  In both 
hybridizations, 140 kb bands appeared in the SmaI and SalI digested lanes, and a 42 kb 
band was seen in the SwaI  lane.  However, in the CEN 2-6 hybridization, additional 
bands 250 kb in size could be seen in all lanes.  This size is significant as it is the size of 
the intact 4E9 YAC.  The fact that no other bands were seen indicated that Mp2 and Mp3 
are closely linked and perhaps are a single continuous alphoid cluster. 
 Lastly, the 2E4 YAC was probed at low stringency with CEN 3-1 to estimate the 
size of Mp4 (Figure 27) as both the location of the YAC and the strength of the signal 
when the YAC was hybridized to CEN 3-1 were known (Zhao, 1999).  The following 
bands appeared: a 58 kb band in the SmaI lane, a 72 kb band in the SalI lane, and a small 
band in the NruI lane that is below the smallest point of the calibration curve but can be 
estimated as 15 kb in size.   
 Unfortunately, the YAC map does not extend to the Mp5 cluster, so that cluster 
could not be sized using any available HC21 YAC.  The results from the hybridizations 
that were performed are summarized in Table 17.  As estimated from these data, the 
minimum sizes of α21-II clusters are as follows: Mp1 is at least 140 kb in length, Mp3 is 
also at least 140 kb, and Mp4 must be at least 72 kb in size.  Those sizes correspond to 
the largest bands seen in the hybridizations as it is assumed those bands represent an 
intact α21-II cluster and not any other sequence. Mp2, however, cannot be directly sized 
by the unique bands in Figure 25 as their size of 250 kb simply corresponds to undigested 
4E9 insert and not a fragment of Mp2. Since Mp2 and Mp3 clones both gave signals from 
the same YAC, this indicates that Mp2 and Mp3 are closely linked and perhaps are a 
single larger alphoid cluster rather than two adjacent ones. 
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Phylogenetic Analysis of HC21 Alphoid Monomers 
 Using the approaches described in Materials & Methods, I investigated the 
phylogenetic relationships that exist within and between all the alphoid clusters found on 
HC21.  All HC21 clones known to contain alphoid sequence were scanned and processed 
to produce a set of 1816 α-satellite monomers that are in-frame with AGM.  Those 
monomers found to be highly heterogeneous were removed, and a revised consensus 
sequence was derived that most closely resembled the majority of the alphoid monomers 
present in the given clone.  This resulted in a final set of 1793 alphoid monomers.  
 Using this set of monomers, two phylogenetic trees were constructed; one using 
Neighbor-Joining (NJ) and another using Maximum-Likelihood (phyML).  These trees 
are shown in Figures 28 and 29 with bootstrap values for each node noted and the same 
branch length used for each cluster. Versions of these trees with branch lengths scaled to 
the amount of distance found between monomer groups are shown in Figures 30 and 31.  
The two trees are nearly identical, which supports the validity of the evolutionary 
relationships they display.   
In both trees, the D21Z1 and CEN3 clusters, which contain HOR organizations, 
are on a separate branch of the tree from those clusters that are purely monomeric.  This 
relationship is well-supported by the high bootstrap values (91 and 93, respectively) for 
this node in both the NJ and phyML trees (Figures 28 and 29).  Intriguingly, this HOR 
branch also includes Mq1 (AP001464), indicating that monomeric cluster shares a 
sequence relationship with D21Z1 that is much less diverged than the rest of the 
monomeric sequences found on HC21.   Again, high bootstrap values separating Mq1 
(AP001464) and D21Z1 (p11-4) on both the NJ and phyML trees (67 and 72, 
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respectively) support this grouping.  Also adding weight to this conclusion are the scaled 
branch length versions of the trees (Figures 30 and 31) which show D21Z1 and Mq1 are 
the two most derived clusters.  However, Mq1 (AP001464) is only slightly more derived 
than the CEN3 clones and notably less derived that D21Z1 (p11-4), indicating Mq1 has 
an older origin than D21Z1.  Previous work characterizing both Mq1 and D21Z1 had also 
established the two clusters as distinct evolutionarily (Bozovsky, 2004). 
  The one exception to the branch pattern separating HOR from monomeric clusters 
in the trees is Mp3-2.  Mp3-2 includes all the sequence from the 76.7 kb portion of the 
Mp3 contig which contains a degenerate HOR structure (Figures 20, 21, and Table 10).  
Although Mp3-2 is in the same longer branch as the other HOR clusters, high bootstrap 
values (90 for the NJ tree and 86 for phyML tree) support its placement separately from 
the other HOR clusters.  Mp3-2 is grouped closer to monomeric sequences, highlighting 
both the degenerate nature of the HOR structure of that region and its evolutionary 
distance from the rest of the HOR alphoid clusters found on HC21.  
  All other monomeric clusters are found grouped in their own branches, although it 
is important to note that monomers mapped to the same α21-II cluster are not necessarily 
included in the same branch.  For example, monomers from AF105153 and AF254982 
are found at different branches of the trees (Figures 30 and 31), although all those 
monomers come from the same cluster, Mp1.  Also, Mp3-1 and Mp3-3, monomeric 
sequences from the Mp3 contig, are found on separate branches of the trees.  Cluster 
structure, monomeric or HOR, is more critical than location on the chromosome in 
determining which branch a given alphoid cluster occupies in the tree.  All the 
monomeric clusters do have similar branch lengths in the scaled trees (Figures 30 and 31) 
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indicating they all share a similar level of divergence.  The relatively low bootstrap 
values for the nodes separating the monomeric clusters (Figures 28 and 29) also support 
the conclusion that variation in the levels of divergence between the monomeric clusters 
is low.   
Using the same set of monomers that formed the NJ and phyML trees, the 
sequence identities of all monomers were compared pairwise against monomers from the 
same cluster as well as monomers from all other clusters.  The average monomer 
sequence identity match for each cluster against itself and the others can be found in 
Table 18.  Overall, the sequence identities shared between monomers in all the clusters 
are relatively low, between 67 and 74%.   Previous work found a higher percentage of 
shared identities (79 - 86%) between sequences in the α21-II region (Bozovsky, 2004), 
although this analysis used a much smaller data set than the one used in this work.  The 
work done here comparing all the monomers contained in Mq1 (AP001464) against 
themselves gave an average sequence identity match of 77.7% (Table 18), which is 
consistent with the values (76 – 83%) found by Bozovsky (2004). 
There is not a major difference in the amount of sequence identity match seen 
when comparing monomers of the same cluster and those of different clusters.  This 
supports the findings of the scaled branch length trees (Figures 30 and 31) which showed 
similar levels divergence for all of the monomeric clusters. The CEN3 monomers do 
show a higher level of sequence identity match to one another (73-75%) compared to 
those of other clusters. This is unsurprising given the CEN3 clones are all 13-mer HOR 
units of the Mp4 cluster and analogous monomers of HOR units typically share a high 
degree of sequence identity, between 97 – 100% (Rudd and Willard, 2004).  Again, the 
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identical scaled branch lengths for the CEN3 clones (Figures 30 and 31) support the 
conclusion of a similar level of divergence for all the monomers of the CEN3 clones.  
Mp3-2 also shows a slightly higher average sequence identity match in the intra-array 
comparison, 73.6%. This is unsurprising given that region also contains a HOR structure, 
albeit a degenerate one (Figure 20).  Interestingly, the monomers that comprise p11-4 
also have a higher average sequence identity match (76.1%) despite the fact that p11-4 is 
only a single HOR unit of D21Z1.   Overall, two key factors underlie the higher monomer 
sequence identity matches seen in the HOR clusters.  First, analogous monomers of HOR 
units share sequence identities, as in the intra-array comparison of Mp3-2 and the 
comparisons of CEN3 clones against other CEN3 clones.  Second, the monomers that 
comprise HOR clusters are all more recently derived, and therefore less diverged from 
one another, as in p11-4 and the CEN3 clones in their intra-array monomer comparisons. 
In comparisons to AGM, most of the alphoid clusters show a lower average sequence 
identity (61-62%) indicating they are well-diverged from the ancestral sequence.  
However, the monomers of some clones, notably AF254982-2, AF254982-3, Mp3-1, and 
Mp3-2, showed higher average identity matches to AGM (65-69%).  These findings 
along with the deeper position of those sequences in the scaled NJ and phyML trees 
(Figures 30 and 31) indicate those sequences are more closely related to AGM and 
therefore somewhat older than other HC21 sequences. 
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 CEN3-1 CEN3-2 CEN3-4 CEN3-5 
CEN3-1 X 
   CEN3-2 2219 (98%) 0 X 
  CEN3-4 2220 (98%) 1 2220 (98%) 1 X 
 CEN3-5 2219 (98%) 0  2219 (100%) 0 2220 (98%) 1 X 
 
 
 
Table 3 Comparisons of CEN 3 Clones – The results of BLAST searches comparing the 
CEN 3-1, 3-2, 3-4, and 3-5 sequences.  The results are given as length of match, 
percentage identity match (shown in parenthesis), and number of insertions/deletions in 
the alignment and are the best results as scored by the E-values of all search results.   
Because CEN 3-2 and CEN 3-5 were found to be identical, only CEN 3-2 was used in 
subsequent work and submitted for inclusion in the NCBI nucleotide database. 
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Figure 15 Locations of HC21 BACs in the α21-II Region – The location of each of the 
HC21 BACs shown to be part of the α21-II region, as well as the placement of the 
AP001464 BAC in the Mq1 monomeric alphoid cluster found adjacent to D21Z1 on 
HC21q.  Clusters are not shown to scale, and the hash marks between Mp4 and Mp5 
indicate a gap in the map such that the exact distance between Mp5 and D21Z1 is 
unknown. 
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Figure 16 Dot Plot of AF10153                                Figure 17 Dot Plot of AF25498 
 
            
 
                   
Figure 18 Dot Plot of AP001464                              Figure 19 Dot Plot of CU638690 
 
             
 
 
 
Figures 16, 17, 18, and 19 Dot Plots of HC21p BACs – Results of dot plot analyses of 
AF105153, AF254982, AP001464, and CU638690 created as described in Materials and 
Methods using a window size of 171 nucleotides and a mismatch limit of 8 nucleotides 
(5%).  The entire CU638690 clone was scanned, while only the segments of other BACs 
which contain alphoid sequence where used in these analyses.  No HOR is evident in any 
of these clones. 
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Figure 20 Dot Plot of Mp3 - Result of a dot plot analysis of the Mp3 contig (see Figure 
14) created as described in Materials and Methods using a window size of 171 
nucleotides and a mismatch limit of 8 nucleotides (5%).  Boundaries of repetitive clusters 
are noted by vertical lines.  L1 insertions are indicated by a vertical line topped by an *.  
A degenerate HOR was detected in a portion of the alphoid sequence in the cluster, 
starting at approximately 52 kb into the sequence and extending 78 kb.  The size of each 
monomer of the HOR is approximately 3.9 kb. 
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HOR Monomer 
 
 
Start Stop Size 
Comparison to Reference 
HOR Monomer 
1 52793 55552 2759 2453/2814 (87%) 
2 55552 59467 3915 3632/3956 (92%) 
3 59467 63542 4075 3808/4122 (92%) 
4 63543 67626 4083 Reference Sequence 
5 67626 71710 4084 4077/4085 (99%) 
6 71710 75794 4084 4073/4085 (99%) 
7 75794 79881 4087 3635/3925 (92%) 
8 79881 83956 4075 3779/4095 (92%) 
9 83956 87871 3915 3642/3925 (92%) 
10 87871 91786 3915 3639/3926 (92%) 
11 91786 95700 3914 3642/3925 (92%) 
12 95700 99610 3910 3613/3925 (92%) 
13 99610 103526 3916 3624/3926 (92%) 
14 103526 105915 2389 2150/2354 (91%) 
15 105915 109820 3905 3624/3919 (92%) 
16 109820 113059 3239 3073/3223 (95%) 
17 113059 116298 3239 3078/3223 (95%) 
18 116298 120213 3915 3637/3925 (92%) 
19 120213 124124 3911 3622/3927 (92%) 
20 124124 127867 3743 3445/3758 (91%) 
21 127867 129478 1611 1409/1593 (88%) 
 
 
Table 10 HOR Monomers of the Mp3 Contig – Characterization of the higher order 
repeat found in the Mp3 cluster.  Each of the monomers of the higher order repeat are 
listed, as is their location in the Mp3 contig (see Figure 13), size in nucleotides, and 
comparison to a reference HOR monomer found within the cluster.  Comparisons are 
given by number of identical nucleotides in the best match as scored by the NCBI E-
value, total length of the match, and the percentage of identical nucleotides in the match 
(shown in parenthesis). 
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Table 13 L1 Insertions in AF254982 BAC – Table of all L1 sequences found in the 
AF254982 BAC. Insertions are listed by L1 family type, start and stopping positions in 
the BAC, total size of the insertion, and position of the insertion relative to alphoid 
sequences in the BAC (embedded in an alphoid cluster or free from association with any 
alphoid sequence). Full length inserts are denoted by a * in the Full Length column. 
 
 
 
 
 
 
Family Start Stop Size 
 
Position Full Length 
L1PA3 5816 6210 394 Embedded 
 L1PA3 9554 10042 488 Embedded 
 L1P1 10043 11099 1056 Embedded 
 L1PA3 38755 44808 6053 Embedded * 
L1PA3 68891 74913 6022 Embedded * 
L1MCb 163264 163372 108 Free 
 L1MC 165775 165905 130 Free 
 L1MC1 165904 166066 162 Free 
 L1M4c 171314 171589 275 Free 
 L1M4c 171770 171966 196 Free 
 L1M2c 172029 172600 571 Free 
 L1M2c 172580 173037 457 Free 
 L1PA4 177342 183472 6130 Free * 
L1MA5 184236 185352 1116 Free 
 L1MCa 185667 185855 188 Free 
 L1MCa 185860 186248 388 Free 
 L1MEf 193984 194053 69 Free 
 L1MEf 194092 194355 263 Free 
 L1MB5 194359 194467 108 Free 
 L1MB5 194479 194813 334 Free 
 L1PREC2 194824 194890 66 Free 
 L1M5 195091 195226 135 Free 
 L1MEf 196162 196337 175 Free 
 L1MEf 196366 196762 396 Free 
 L1PA16 202903 206656 3753 Free 
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Table 14 L1 Insertions in CU638690 BAC – Table of all L1 sequences found in the 
CU638690 BAC.  Insertions are listed by L1 family type, start and stopping positions in 
the BAC, total size of the insertion, and position of the insertion relative to alphoid 
sequences in the BAC (embedded in an alphoid cluster or free from association with any 
alphoid sequence). Full length inserts are denoted by a * in the Full Length column. 
 
 
 
 
 
 
 
 
 
 
Family Start Stop Size 
 
Position Full Length 
L1M4 10 157 147 Adjacent 
 
L1PA3 5268 5633 365 Embedded 
 
L1PA3 28174 29030 856 Embedded 
 
L1HS 62273 64013 1740 Adjacent 
 
L1PA3 80712 86865 6153 Embedded * 
L1HS 101720 102138 418 Embedded 
 
L1PA3 103771 104652 881 Embedded 
 
L1P1 117889 118945 1056 Embedded 
 
L1PA3 118946 119451 505 Embedded 
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Table 15 L1 Insertions in AP001464 BAC – Table of all L1 sequences found in the 
AP001464 BAC.  Insertions are listed by L1 family type, start and stopping positions in 
the BAC, total size of the insertion, position of the insertion relative to alphoid sequences 
in the BAC (directly adjacent to an alphoid cluster or free from association with any 
alphoid sequence). 
 
Family Start Stop Size 
 
Position 
L1PA2 31325 33810 2485 Adjacent 
L1ME1 41908 42625 717 Free 
L1MB4 60865 61145 280 Free 
L1MB4 61427 62428 1001 Free 
L1MA9 65241 65767 526 Free 
L1M 65776 65934 158 Free 
L1MCa 65944 66200 256 Free 
L1MCa 66844 67943 1099 Free 
L1MCa 67961 68233 272 Free 
L1MC3 68264 68309 45 Free 
L1MC3 68343 68375 32 Free 
L1MC3 68718 68927 209 Free 
L1MC3 68943 69036 93 Free 
L1MC3 69342 69565 223 Free 
L1MC3 69875 70297 422 Free 
L1M 70637 70713 76 Free 
L1MEc 98362 98953 591 Free 
L1M4 101320 101536 216 Free 
L1M4 101796 102249 453 Free 
L1PB4 102252 102514 262 Free 
L1MB4 102567 102758 191 Free 
L1P3 103801 104299 498 Free 
L1P3 104597 105069 472 Free 
L1PA8 105088 105459 371 Free 
L1M5 105493 106232 739 Free 
L1PA5 106270 108907 2637 Free 
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Figure 22 Sizing of the Mp1 Cluster Using High Stringency Hybridization of YAC 2C9 
with CEN 2-6 as the Probe – DNA from YAC 2C9 was digested with the indicated 
restriction enzymes, electrophoresed on a pulsed field gel as describe in Materials and 
Methods, Southern blotted, and probed with CEN 2-6.  Fragment sizes are indicated.   
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Figure 23 Additional Sizing of the Mp1 Cluster Using Low Stringency Hybridization of 
2C9 with CEN 2-6 as the Probe – The same blot as in Figure 22 was probed with CEN 2-
6 under low stringency as described in Materials and Methods.  The bands that give the 
strongest signals are identical to those found under the high stringency conditions (see 
Figure 20), but the lower stringency of the hybridization does result in the appearance of 
additional bands not previously seen. 
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Figure 24 Identifying D21Z1 Bands Via Low Stringency Hybridization of 2C9 with p11-4 
as the Probe – The same blot as in Figure 22 was probed with p11-4 under low 
stringency as described in Materials and Methods.  Fragment sizes are indicated.  As this 
blot gives similar results to those in low stringency hybridization with CEN 2-6 (Figure 
21), it can be assumed the additional bands not seen in that hybridization are derived 
from D21Z1 and not Mp1. 
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Figure 25 Sizing of the Mp2 Cluster Using Low Stringency Hybridization of 4E9 with 
CEN2-6 as the Probe – DNA from YAC 4E9 was digested with the indicated restriction 
enzymes, electrophoresed on a pulsed field gel as described in Materials and Methods, 
Southern blotted, and probed with CEN 2-6.  Fragment sizes are indicated.  The size of 
250 kb is notable as this is the size of the undigested 4E9 YAC.  
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Figure 26 Sizing of the Mp3 Cluster Using Low Stringency Hybridization of 4E9 with 
pTRA-7 as the Probe – The same blot from Figure 25was probed with pTRA-7 under low 
stringency conditions as described in Materials and Methods.  Fragment sizes are 
indicated.   
 
 
 
 
77 
 
 
 
          
 
 
 
 
Figure 27 Sizing of the Mp4 Cluster Using Low Stringency Hybridization of 2E4 with 
CEN 3-1 as the Probe – DNA from YAC 2E4 was digested with the indicated restriction 
enzymes, electrophoresed on a pulsed field gel as described in Materials and Methods, 
Southern blotted, and probed with CEN 3-1.  Fragment sizes are indicated.  The size of 
the Swa I band is an estimate as the band was so small it required extrapolation of the gel 
calibration. 
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CLUSTER YAC PROBE ENZYME BAND SIZE (in kb) 
MP1 2C9 CEN2-6 Sma I 140 
   
Swa I 40 
   
Sal I 140 
MP2 4E9 CEN2-6 Sma I 250 
   
Swa I 250 
   
Sal I 250 
   
Nru I 250 
MP3 4E9 pTRA-7 Sma I 140 
   
Swa I 42 
   
Sal I 140 
MP4 2E4 CEN3-1 Sma I 58 
   
Swa I (~<15) 
   
Sal I 72 
 
 
Table 17 Summary of YAC Hybridization Data –All the results from hybridizations of 
various HC21p YACs with alphoid clones as probes.  Results are grouped by α21-II 
cluster. 
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Figure 28 Neighbor-Joining Tree of HC21 Alphoid Monomers – A phylogenetic tree of 
all alphoid monomers found in the HC21 clones was constructed using neighbor-joining 
with AGM as the outgroup (Materials & Methods).  Bootstrap values for each node and 
the locations of each clone in the α21-II region are indicated. 
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Figure 29 phyML Tree of HC21 Alphoid Monomers – A phylogenetic tree of all alphoid 
monomers found in the HC21 clones was constructed using Maximum Likelihood with 
AGM as the outgroup (Materials & Methods).  Bootstrap values for each node and the 
location of each clone in the α21-II region are indicated. 
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Figure 30 Neighbor-Joining Tree with Branch Lengths – An alternate version of the 
neighbor-joining tree (Figure 28) in which branch lengths signify the distances between 
monomer groups.  The scale shown reflects the number of substitutions per site.  
Bootstrap values are not shown but are identical to those found in Figure 28.   
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Figure 31 phyML Tree with Branch Lengths – An alternate version of the phyML tree 
(Figure 29) in which branch lengths signify distances between monomer groups. The 
scale shown reflects the probability of a base substitution at a position in the sequence 
alignment. Bootstrap values are not shown but are identical to those found in Figure 29.   
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CHAPTER FIVE 
DISCUSSION 
The α-satellite sequences in the human genome are of two major types: higher-
order repeats (HOR) and monomeric (Rudd and Willard, 2004).  HOR alphoid arrays are 
composed of highly homogeneous multimeric repeat units and serve as the functional 
centromeres of human chromosomes.   Monomeric alphoid arrays possess no higher-
order structure and are much more heterogeneous.  The functional significance of 
monomeric clusters is still under investigation (Ugarkovic 2005), but there is no direct 
evidence they are involved in centromere function (Ikeno et al., 1998).  Monomeric 
alphoid arrays are often disrupted by insertions of non-alphoid sequence, while these 
types of insertions are rare in HOR clusters (Rudd and Willard, 2004). 
In terms of evolutionary age, monomeric clusters are older than HOR arrays and 
more closely resemble the alphoid sequences of lower primates (Alexandrov et al., 2001).  
One model for the evolution of HOR arrays from monomeric clusters involves a series of 
unequal crossover events between relatively homogeneous monomeric sequences which 
over time cause tandem duplications to expand and create a series of tandem HOR units 
(Alkan et al., 2004).  Homologous recombination and other events such as gene 
conversion and unequal crossover then help to maintain the high identity of the HOR 
cluster in a process referred to as homogenization.  However, homogenization is active 
only as long as the HOR array functions as the functional centromere.  Should 
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centromeric function shift to newly-evolved HOR clusters on the same chromosome, the 
original HOR cluster is no longer maintained by homogenization, and it can accumulate 
sequence divergence and insertions, eventually degenerating into a monomeric 
organization (Alexandrov et al., 2001).  Thus, chromosomes may accumulate monomeric 
alphoid clusters as ancestral centromeric HOR arrays are replaced and subsequently 
displaced to more distal locations on the chromosome (Schuler et al., 2005). 
It has long been known that evolutionarily ancient α-satellite sequences are 
present on HC21p (Carnahan et al., 1993).   Further work established that the majority of 
HC21 alphoid sequences are part of two distinct regions: D21Z1, an 11-mer HOR alphoid 
array which acts as the functional centromere of HC21, and α21-II, a region thought to be 
entirely comprised of monomeric alphoid sequence (Ikeno et al., 1994).  The α21-II 
region does not consist of one large alphoid array.  It is instead composed of five distinct 
alphoid clusters (Mp1-5) spread over a distance of at least 4 Mb from D21Z1 (Zhao, 
1999).  However, prior to the current work, little information existed on the sizes and 
primary sequence of the α21-II arrays beyond a small collection of HC21-derived alphoid 
clones known to map to the region. The only detailed study of α21-II alphoid sequence 
involved the characterization of the alphoid monomers found in the BAC AF105153 
(Mashkova et al., 1998; Mashkova et al., 2001), which maps to Mp1 region (Zhao, 1999; 
Miller et al., 2004).  Also, no large scale phylogenetic analysis of the alphoid monomers 
of HC21 had been attempted.  A limited study examining the phylogenetic relationship 
between D21Z1 and 31.2 kb of sequence from Mq1, the 146 kb monomeric cluster found 
on HC21q directly adjacent to D21Z1, had established that the two clusters are 
evolutionarily distinct from one another (Bozovsky, 2004).  However, the evolutionary 
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relationships that exist within and between α21-II alphoid clusters, Mq1, and D21Z1 
were not explored.   
The current work adds to the growing knowledge of alphoid sequence by 
analyzing in detail the alphoid sequences that comprise the α21-II region of HC21p and 
producing a more accurate map of HC21p (Figure 33).  By using publically available and 
newly-sequenced clones that contain alphoid sequence from the α21-II region and 
previous mapping information for the region (Zhao, 1999), I have been able to identify 
BAC clones which contain alphoid sequence from the α21-II region and map these clones 
to the appropriate α21-II clusters (Figure 15).  I have developed a map of the α21-II 
region that consists of five distinct alphoid clusters (Mp1-5) that are large in size (25 – 
189 kb each) and extend over a distance of at least 5 Mb from D21Z1 (Zhao, 1999).  
These clusters are not continuous but instead are interspersed among other sequences 
including L1 insertions and satellite III arrays (Figure 21).  While the α21-II region had 
been previously thought to consist only of monomeric sequence, HOR arrays do exist in 
Mp3 (Figure 20, Table 10) and Mp4 (Table 3).  Phylogenetic analyses (Figures 28 – 30) 
and L1 dating estimates (Tables 11 – 16) have shown that the monomeric arrays in the 
α21-II region and the degenerate HOR cluster in Mp3 are all of the same relatively recent 
age, 16 – 18 million years.  However, the homogenous HOR arrays of HC21, Mp4 and 
D21Z1, are even more recently evolved.  Mq1, an HC21q monomeric cluster that is 
directly adjacent to D21Z1, was also found to have a more recent origin compared to the 
α21-II alphoid clusters.   
This is the first thorough examination of alphoid sequences of the short arm of an 
acrocentric chromosome.  As such, this work not only provides new insight into the 
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alphoid sequences on HC21 but also serves as an excellent model of the organization of 
all acrocentric short arms.  It also makes possible comparisons in the sizes, locations, and 
phylogenetic histories of the alphoid sequences found on HC21 and those on other human 
chromosomes. 
Mapping of BACs to α21-II Clusters 
 I identified several HC21-specific BACs which have high sequence identity to 
known α21-II clones (Table 4).  These BACs were mapped to the appropriate α21-II 
region based on what clones had the highest sequence identity to each BAC and to what 
α21-II cluster those clones had previously been mapped (Zhao, 1999; Figure 6, Figure 
15).  AF254982 and AF105153 were previously mapped to the Mp1 cluster, since 
AF254982 contains a fragment of the TPTE pseudogene and AF105153 contains the 
ABM-C78 marker (Miller et al., 2004; Figure 31).  These markers provide definite proof 
that the two BACs are part of the Mp1 cluster with AF105153 distal to AF254982.  
However, the two do not overlap in sequence and do not appear to form a single alphoid 
array based on the orientation of their alphoid sequences.  Using this information, it was 
possible to create a more detailed map of the Mp1 region (Figure 32).   
The BACs CT476838 and FP236243 were found to overlap in sequence and were 
used to create a single sequence contig (Figure 14) that was mapped to the Mp3 region.   
This was based on the strong sequence identities of the BACs to pTRA-2 and pN23 
(Table 4), clones previously known to map to the Mp3 region (Zhao, 1999).  As both 
pTRA-2 and pN23 map to Mp3 and the CT476838/FP236243 contig contains overlaps in 
sequence with both clones, there is strong evidence that the contig is appropriately 
mapped.  The strong match shown by pTRA-4 (Table 4) provides no additional mapping 
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information for the contig, for although pTRA-4 is known to hybridize to sequences on 
HC21 (Vissel and Choo, 1990), the clone was never hybridized against the HC21p YAC 
panel and was thus not mapped to any particular α21-II cluster or clusters.   
The mapping of CU638690 to the Mp5 cluster is made with some uncertainty.  
The BAC does contain strong identity to pN31, a clone which maps only to Mp5 (Zhao, 
1999).  However, CU639690 also has a strong identity match to pN21 which had been 
previously mapped to Mp3 (Zhao, 1999).  Alphoid monomers from CU638690 were also 
found to be very closely related to monomers from Mp3-3, the 75 kb of monomeric 
sequence at the end of the Mp3 contig (Figure 20), further suggesting the possibility that 
the BAC could map to the Mp3 region.  However, there is no overlap in sequence 
between CU638690 and the Mp3 contig.  Ultimately, additional sequence information 
and mapping experiments will be needed to more confidently map CU638690 to a 
particular α21-II cluster.  
Estimating the Sizes of α21-II Clusters 
 Sizes for all the α21-II clusters were previously estimated from HC21p hybrid cell 
lines (Zhao, 1999).  In this current study, the size of these clusters was estimated using 
HC21 BACs that map to α21-II clusters (Figure 15) and hybridizations of appropriate 
alphoid clones to digested DNA from YACs that span certain α21-II clusters (Figures 22-
27, Table 17).  All of these results are summarized in Table 19 with the size estimate for 
each cluster listed for each method used.   
Mp1 is at least 140 kb long, given this is the size of the largest bands seen when 
YAC 2C9 fragments were hybridized to CEN2-6 under high stringency conditions 
(Figure 22).  Larger bands do appear when the stringency conditions are lowered (Figure 
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23), but given these bands also appear when the same fragments are hybridized to p11-4 
under low stringency conditions (Figure 24), this indicates they are sequences from 
D21Z1 and not Mp1.   
 Using this size estimate, it is possible to estimate gap sizes in the Mp1 map. 
Assuming the largest size, 140 kb, is accurate, this leaves a total of 21.3 kb of missing 
sequence from the cluster after subtracting the sizes of the alphoid clusters within 
AF105153 and AF254982 (Figure 32).   There are two regions which can constitute the 
missing sequence: the gap between the AF105153 and AF254982 BACs and any alphoid 
sequence distal to AF105153.  Interestingly, this structure indicates that Mp1 is not a 
single alphoid cluster but two clusters separated by the non-alphoid component of 
AF105153.  This observation is given even more weight by the fact that monomers from 
AF105153 are on separate branches of the phylogenetic trees from those of AF254982 
(Figures 28-31).    
 While one estimate for the size of Mp3 (140 kb) is the size of the bands seen in 
the hybridization of pTRA-7 to YAC 4E9 fragments (Figure 26), the larger size of the 
Mp3 contig created from BACs (189 kb, Figure 14) indicates that Mp3 must be at least 
that large in size.  Also, given that the Mp3 contig ends with alphoid sequence followed 
by an L1 insertion, it is possible that there are additional alphoid sequences directly 
adjacent to the contig in the Mp3 cluster, resulting in a larger cluster size estimate. 
 In the case of Mp4, the hybridization of CEN3-1 to YAC 2E4 fragments results in 
several visible bands, the largest of which is 72 kb (Figure 26).  Previous experiments 
using digestions of HC21 hybrid cell lines had estimated the size of the Mp4 cluster at 30 
kb (Table 19), but given that two of the three bands seen in the YAC hybridization are 
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larger than this size, the larger estimate appears to be a more reasonable one for the size 
of Mp4. 
Not all methods could be used to size all of the α21-II clusters. No BACs were 
found that mapped to the Mp2 or Mp4 clusters, and the HC21p YAC map does not 
extend to Mp5.  To estimate the size of the Mp2 cluster, I used the hybridization of 
CEN2-6 to the digested 4E9 YAC DNA.  The fragments seen in the hybridization (Figure 
25) were either identical to those seen when pTRA-7 was hybridized separately to the 
same fragments (Figure 26) or the same size as undigested 4E9 YAC, 250 kb.  If it is 
assumed 4E9 consists of nothing but alphoid sequences from Mp3 and Mp2 and the 
hybridization estimate for the size of Mp3 is correct (140 kb, Table 19), removing that 
amount of sequence from 4E9 gives an estimate of 110 kb for the Mp2 cluster.  Since 
Mp2 and Mp3 could not be separated by digesting the 4E9 YAC, it is likely that Mp2 and 
Mp3 map very close to one another on HC21p and perhaps are a single large alphoid 
cluster rather than two separate adjacent clusters.  The structure of the Mp3 contig 
(Figure 21) seems to imply this possibility as well, since one end of that contig consists 
of monomeric alphoid sequence and a partial L1 insertion (Figures 20 and 21).  It is 
possible these monomeric sequences are the Mp2 cluster and there is additional 
monomeric alphoid sequence beyond the L1 insertion. 
It should be noted that one possible source of discrepancy between the BAC and 
YAC size estimates for each α21-II cluster is that these clones are not from the same 
individual (Lyle et al., 2007; Wang et al., 1999).  The sizes of alphoid clusters are known 
to be highly polymorphic (Tyler-Smith and Willard, 1990), and it is possible that the 
marked differences seen in the BAC and YAC estimates for the sizes of Mp1 and Mp3 
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are a result of this genetic variation.  The map of the α21-II region created in the current 
work (Figure 33) uses the maximum size for each cluster (Table 19).  
HOR Clusters in α21-II 
Previously, the α21-II region was thought to consist entirely of monomeric 
alphoid sequences (Ikeno et al., 1994).  The only indications that HOR-organized alphoid 
sequences might exist on HC21 apart from D21Z1 was the finding that pTRA-2 is part of 
an HOR structure with an approximately 3.9 kb repeat (Choo et al., 1989; Vissel and 
Choo, 1991) and our earlier finding that pTRA-2 maps to the Mp3 region (Zhao, 1999).  
The current work confirms and extends these previous findings with the discovery and 
characterization of the 76.7 kb cluster of highly degenerate HOR sequence that is part of 
the Mp3 contig (Figure 20, Table 10).   My work also establishes that the Mp4 cluster is 
composed of an HOR sequence of which CEN 3-1, 3-2, 3-4, and 3-5 are 2.2 kb,13-mer 
HOR monomers.  The CEN3 clones share a higher degree of homogeneity (99%, Table 3) 
compared to the degenerate HOR monomers of the Mp3 cluster (88-99%, Table 10).  
This corresponds with the position these sequences have on the scaled phylogenetic trees 
(Figures 30 and 31).  Mp3-2 is much less derived from the ancestral sequence than the 
CEN3 clones, indicating an older origin.   
It is possible that the HOR region of the Mp3 cluster was once a more 
homogeneous cluster, perhaps one that inserted into the Mp3 region at some date in the 
past through interchromosomal recombination, but has since degenerated.    
Homogeneous HOR arrays, albeit much smaller ones (<1-10kb), have been found 
embedded within monomeric alphoid clusters on other chromosomes, and it is 
hypothesized these HOR arrays arose as a result of local homogenization events (Rudd 
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and Willard, 2004).  This could be an alternate explanation for the HOR organization 
within Mp3; local homogenization and expansion created an initially homogeneous HOR 
array which has subsequently drifted into a more divergent state.   Our lab has found 
evidence for such a mechanism in the recent finding that HOR clusters arise within 
monomeric β-satellite sequences during primate evolution (Ennesser and Doering, 
unpublished).   
The rapid boundary changes between the HOR cluster and adjacent monomeric 
alphoid clusters in the Mp3 region are notable as these observations do not fit the out-of-
register model of alphoid cluster evolution (Smith, 1976).  Rather than finding a gradual 
loss of homogeneity at the ends of the Mp3 HOR cluster, as is predicted by the model, 
rapid transitions (less than 3kb) between HOR and monomeric sequences are seen at both 
ends of the Mp3 HOR cluster.  This finding gives further evidence that the out-of-register 
model does not fully capture the complicated history and evolutionary relationships of 
alphoid clusters.  
Age and Phylogeny of α21-II Clusters        
The ages of the various alphoid clusters on HC21 were estimated in this work 
using the L1 inserts found in those clusters as well as phylogenetic analyses of the 
alphoid monomers that comprise them.  Both methods of dating infer that all α21-II 
sequences, with the exception of the CEN3 clones, are of similar age.  
 L1 insertions have previously been used to estimate the ages of alphoid clusters 
(Laurent et al., 1997; Kazakov et al., 2003).  This method assumes that the oldest L1 
elements found in an alphoid cluster indicate the time at which the cluster stopped 
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homogenization and became available for L1 insertions. Also, clusters that lack any L1 
insertions are assumed to be the youngest (Shepelev et al., 2009).   
The most abundant and often oldest L1 variant found directly associated with 
(embedded within or adjacent to) alphoid sequence in the α21-II clusters is L1PA3.  
However, a small number of L1PA4 variants are present as well.  The finding that the 
vast majority of L1 insertions within and adjacent to α21-II alphoid sequences are 
modern L1 variants (Table 16) indicates a recent origin for the α21-II clusters (Figure 15).  
As these clusters were exposed to a high degree of L1PA3 activity and only a minimal 
amount of L1PA4 activity, this suggests that they are approximately 16 – 18 million 
years old and have an origin that dates between the time gibbons and orangutans diverged 
from the human lineage (Khan et al., 2006; Shepelev et al., 2009).  However, the non-
alphoid sequences that surround the alphoid monomeric arrays appear to be older as they 
contain predominantly ancient L1 insertions (Table 16).  This indicates that the α21-II 
clusters have been recently introduced to HC21p relative to the sequences that surround 
them.  Supporting this hypothesis is the finding that full length L1 insertions are found at 
higher frequency associated with α21-II alphoid arrays (10.8 full length insertions per Mb) 
than in non-alphoid sequences (4.6 full length insertions per Mb).  It is assumed that 
sequences that contain full length L1 inserts are more recently evolved as there has been 
insufficient time for those inserts to be removed by recombination (Boussinot and Furano, 
2001). 
The distribution of L1PA3 and L1PA4 variants in α21-II alphoid sequences is 
similar to what Shepelev et al. (2009) had previously observed in certain alphoid clusters 
found on chromosomes X and 8. However, the alphoid clusters on HCX and HC8, which 
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appear to be of a similar age to the monomeric α21-II alphoid arrays, are found much 
closer to the functional centromere of the chromosome compared to any of the α21-II 
clusters (Shepelev et al., 2009; Figure 33).   
Assuming that the youngest alphoid clusters lack any L1 insertions, Mq1, which 
lacks any embedded L1 sequences, is the youngest monomeric cluster on HC21.  This 
finding is supported by the HC21 phylogenies which also indicate a very recent origin for 
Mq1 (Figures 30 and 31).  There are also no L1 inserts in any of the α21-II HOR clusters, 
Mp3-2, Mp4, and D21Z1.  D21Z1, the functional centromere of HC21, is not known to 
contain any L1 inserts.  This is not surprising given that the functional centromeres of 
chromosomes are known to be well-maintained by out-of-register recombination events 
such that any inserts would likely be quickly removed by recombination (Alexandrov et. 
al, 2001).  However, the same conclusions about a young age do not apply to the HOR 
clusters Mp3-2 and Mp4.  Only a relatively small amount of primary sequence is known 
for Mp4, and the presence of L1 inserts in the cluster cannot be ruled out.  The Mp3-2, 
Mp3-1, and Mp3-3 regions do possess L1 inserts (Table 9, Figure 20) which date those 
arrays to an origin close to the other α21-II monomeric clusters.  Also, the HC21 alphoid 
monomer phylogenies constructed in this work do not support a recent origin for Mp3-2 
(Figures 30 and 31).   
  The scaled phylogenetic trees (Figures 30 and 31) also point to a similar age for 
all the α21-II monomeric clusters.  The monomers in those clusters have nearly equal 
branch lengths, indicating they are all derived to a similar extent from the ancestral 
sequence and most likely of a similar age.   
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However, some alphoid sequences on HC21 do appear to have a more recent 
origin in the phylogenies.  Monomers from the CEN3 clones, p11-4 (D21Z1), and 
AP001464 (Mq1) are more derived than the rest, p11-4 being the most recently derived 
by a substantial margin (Figures 30 and 31).  That the CEN3 and p11-4 sequences are 
most derived and therefore likely the youngest sequences is unsurprising given that HOR 
clusters, particularly those that act as the functional centromere, as in the case of p11-4, 
are the more recently evolved alphoid sequences that can be found on human 
chromosomes (Shepelev et al, 2009).  However, the finding that Mp4, of which the CEN3 
are HOR units, consists of such derived alphoid sequence even though the cluster is 
located over 2 Mb from D21Z1 (Zhao, 1999) is surprising.  No other chromosome has 
been found to contain such a large derived cluster at so great a distance from the 
functional centromere (Rudd and Willard, 2004).  Without any additional sequence 
information for Mp4, it is difficult to determine if it is a recent transplant from elsewhere 
in the genome, a recent expansion of existing Mp4 monomeric sequence into an HOR 
cluster, or an HOR cluster that is older in origin but has been selectively maintained. 
Although this work focused on the alphoid clusters that comprise α21-II, the NJ 
and phyML trees (Figures 28 – 31) also reveal new information about Mq1, the 
monomeric cluster found directly adjacent to D21Z1 on HC21q and the only alphoid that 
maps to the long arm of HC21.  Previous work (Bozovsky, 2004), using only Mq1 and 
D21Z1 sequences, came to the conclusion that the two clusters had separate evolutionary 
histories.  While the current work supports that finding, monomers from Mq1 and p11-4 
occupy the same branch in both the NJ and phyML trees (Figures 28 and 29).  They also 
show a greater degree of divergence compared to all of the other alphoid sequences, with 
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the exception of the CEN3 clones (Figures 30 and 31).  Bozovsky (2004) found that Mq1 
was not divergent D21Z1 sequence.  One explanation for the more recent origin of Mq1 
might be that the cluster represents the remaining sequence of a once-functional HOR 
array whose centromeric function was supplanted by a newer HOR alphoid sequence 
(D21Z1) at some point in the past.  After this loss of function, the array drifted into a 
monomeric structure.  It is also possible that Mq1 was originally part of D21Z1 but has 
deteriorated to the point of marked divergence from the original D21Z1 sequence.   
Alternatively, the D21Z1 HOR array may have originally developed within the Mq1 
sequence, but the pressure of homogenization on D21Z1 has resulted in the divergence 
between the two clusters.     
Comparison of Alphoid Phylogenies Between HC21 and Other Chromosomes  
No phylogenetic study that includes alphoid monomers from HC21 and those of 
other chromosomes has yet been made.  However, phylogenies have been created for 
monomers from chromosomes 17, 8, and X (Rudd et al., 2006; Shepelev et al. 2009), and 
these results can be compared with the trees created from HC21 alphoid sequences 
presented in this work.   
In investigating HC17 alphoid sequences, Rudd et al. (2006) found that alphoid 
monomers from HC17 monomeric clusters show little array-specificity and tend to 
phylogenetically group together.  This is similar to the finding in this work that HC21p 
alphoid monomers from different α21-II clusters show close evolutionary relationships 
(Figures 28 – 31).  Rudd et al. (2006) did find an exception to the trend grouping HC17 
monomeric sequences together.  17pM3 is a monomeric sequence which showed a higher 
degree of intra-array homogeneity and has an evolutionary history separate from the other 
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HC17 monomeric clusters. Rudd et al. (2006) theorized that 17pM3 is somehow related 
to HOR sequence found on HC17 but at some point in history become physically isolated 
from the higher-order arrays and drifted over time into  a monomeric organization.  I 
have made similar findings for Mp3-2, the degenerate HOR array in the Mp3 cluster.  
The monomers from Mp3-2 show a higher degree of homogeneity (Table 18) and occupy 
a phylogenetic branch separate from the monomeric α21-II sequences and the 
homogeneous HC21 HOR monomer variants (Figures 28 – 31).  Monomeric and HOR 
alphoid monomers on HC17 form distinctly different phylogenetic branches, the same 
evolutionary relationship as seen for HC21 HOR and monomeric monomers (Figures 28 
– 31).   
Shepelev et al. (2009) expanded the work of Rudd et al. (2006) using additional 
alphoid sequences.  They found that several layers of alphoid sequence are present on 
chromosomes X, 8, and 17.  These include layers of newer monomeric sequences which 
show a degree of chromosome-specificity and layers which consist of more ancient 
monomeric sequence variants which are shared across all of the chromosomes studied.   
These alphoid layers are organized on the chromosomes along an age gradient, the oldest 
monomeric sequences found most distant from the functional centromere (Figure 2 in 
Shepelev et al., 2009).  However, no such age gradient is seen in the α21-II clusters.  
Estimates of α21-II cluster ages using both phylogenetic analysis (Figures 30 and 31) and 
L1 insertions (Table 16) indicate that all the α21-II clusters are relatively the same age 
and of recent evolutionary origin (16 – 18 million years).  The lack of an age gradient in 
the organization of HC21p alphoid clusters may be explained by the fact that the short 
arms of acrocentric chromosomes can frequently engage in non-homologous exchanges 
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(Choo, 1990).    Such exchanges would promote the introduction of new alphoid 
sequences onto the short arms of the chromosomes as well as other rearrangements that 
would disrupt any layered structure that might occur. 
HC21 Alphoid Cluster Organization Compared to Other Human Chromosomes 
Using the best size estimates for each alphoid cluster present on HC21 (Table 19), 
as well as previous mapping information that estimated the distances of all α21-II clusters 
from D21Z1 (Zhao, 1999), a map of all of the alphoid clusters that can be found on HC21 
was constructed (Figure 33).  Making use of similar maps created for the alphoid clusters 
on chromosomes X, 8, and 17 (Shepelev et al., 2009) allows a comparison between the 
size and distribution of the alphoid arrays found on those chromosomes and those on 
HC21 (Figure 33).  Even without a more detailed knowledge of the organization and 
sequence of the alphoid clusters of HC21, numerous differences in the size and 
distribution of alphoid clusters on HC21 compared to those found on the other studied 
chromosomes are readily apparent.  
HC21 lacks the symmetry in alphoid clusters seen on the other chromosomes.  
Chromosomes X, 8, and 17 all possess similar amounts of monomeric alphoid sequence 
on their short and long arms.  HC21q, however, possesses only a small amount of alphoid 
sequence, the Mq1 cluster, while HC21p contains all the clusters that comprise the α21-II 
region (Figure 33).  This lack of symmetry may be explained by the fact that while the 
short arms of acrocentric chromosomes will frequently engage in non-homologous 
exchanges (Choo, 1990), such exchanges do not occur between the long arms of 
acrocentrics.  Thus, exchanges that promote the spread of alphoid sequence to new 
genomic locations are limited to acrocentric short arms. 
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Alphoid clusters, including those with HOR organization, can be found at much 
greater distances from the functional centromere on HC21 than on other chromosomes.  
For example, Mp5, a cluster estimated to be 128 kb in size, is at least 2.3 Mb from 
D21Z1 and is possibly even more distant as there is a gap in the HC21p map proximal to 
Mp5.  The furthest any of the alphoid arrays found on chromosomes 8, X, and 17 are 
located from their functional centromeres is 500 kb or less.  Again, non-homologous 
exchanges between the short arms of acrocentrics are the most likely explanation for this 
observation.  Such exchanges promote the spread of alphoid sequence to new locations, 
including regions more distant from the functional centromere. 
 HC21p possesses more alphoid sequence (approximately 550 kb) collected in 
generally larger arrays (25 – 189 kb) across the entire short arm of the chromosome than 
is seen on the short or long arms of the other chromosomes analyzed (Figure 33).  On 
these chromosomes, alphoid clusters range in size from 10 to 410 kb, with HC8p having 
the largest amount of alphoid sequence per chromosome arm at 410 kb (Shepelev et al., 
2009; Figure 33).  Also, HOR alphoid clusters of large size (72 and 76 kb) on HC21p are 
found at some distance from the functional centromere, a trait not shared by any other 
studied chromosome.  Both these observations can be explained by the fact that all of the 
α21-II clusters are of relatively recent evolutionary origin and therefore have only 
recently been introduced into HC21p.  As such, there has not been sufficient time for 
genomic rearrangements to break down or remove these clusters. 
HC21p as a Model for Acrocentric Short Arm Structure 
Some alphoid sequence families, including ones studied here, are found on 
several other acrocentric chromosomes.  These include pTRA-1, pTRA-2, and pTRA-4 
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(Choo et al, 1988; Choo et al., 1989).  It has been theorized that the presence of shared 
alphoid subfamilies may explain in part the predisposition of acrocentric chromosomes 
towards Robertsonian translocations and errors in meiotic segregation (Choo, 1990).  
There is a high degree of shared sequences of all types on the acrocentric chromosome 
short arms.  It can thus be theorized that the distribution, size, organization, and sequence 
of the α21-II alphoid clusters I have found on HC21p will be similar to those found on 
the short arms of the other acrocentric chromosomes (13, 14, 15, and 22).   
However, evidence also exists for differences in the organization of alphoid 
sequences on the acrocentrics.  Under very high stringency conditions, pTRA-1, pTRA-2, 
pTRA-4, and pTRA-7 were found to hybridize to chromosomes 13, 14, and 21, but were 
not detected on chromosomes 15 or 22 (Vissel and Choo, 1991).  Vissel and Choo (1991) 
also found that the 3.9 kb HOR unit associated with pTRA-2 which I have mapped to the 
Mp3 region of α21-II was only detectable on HC21.  This indicates the HOR structure 
present in the Mp3 region is unique to HC21 and either originated on that chromosome or 
was initially present on other acrocentric chromosomes but has since degenerated on all 
except HC21.      
Future Work 
The findings of this work suggest two key avenues of further research: generating 
more primary sequence information for each α21-II cluster and a direct analysis of the 
evolutionary relationships that exist between HC21 alphoid sequences and those of other 
chromosomes. 
It should be possible to obtain more primary sequence information for these 
clusters using existing HC21-specific hybrid cell lines, YACs, and lambda phage libraries.  
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Additional sequence information for this region may also be found as more results from 
genome-wide sequencing efforts are made publically available. Periodic Blast searches of 
the NCBI nucleotide database using known α21-II sequences should return results for any 
newly-sequenced HC21 alphoid arrays. 
Also, using the MiIP and SHIFT programs as done in this work (Materials & 
Methods) should make it possible to generate a set of alphoid monomers from HCs X, 8, 
and 17 that are in-frame with AGM.  Those monomers could then be combined with 
those generated from HC21 in this work, and the entire set could used in phylogenetic 
analyses.  Such experiments would be an excellent test of the hypotheses made in this 
work regarding the relative age and heterogeneity of HC21 alphoid sequences compared 
to those of non-acrocentric chromosomes.   It would be of great interest to see if HC21 
alphoid monomers “mix well” (are contained in the same phylogenetic tree branches) 
with monomers of other chromosomes or show specificity to HC21.  The alphoid variants 
found on HC21 may be found genome wide, or those variants may prove to be 
chromosome-specific or perhaps shared only amongst the acrocentrics. 
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Table 19 Size Estimates of α21-II Clusters – The size for each of the alphoid clusters was 
estimated from HC21p hybrid cell lines (Zhao, 1999), BACs, and YACs that span the 
clusters.  Dashes indicate that the size of the cluster was not able to be estimated using 
the given method.   
 
 
 
 
 
 
 
Cluster 
Hybrid Cell 
Line Size 
Estimate 
BAC Size 
Estimate 
YAC Size 
Estimate 
Mp1 94 kb 118.7 kb 140 kb 
Mp2 25 kb - - 
Mp3 126 kb 189 kb 140 kb 
Mp4 30 kb - 72 kb 
Mp5 50 kb 128.3 kb - 
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